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SUMMARY 
The aim of this research was to develop cheap and readily available charcoals as a 
remediation tool for contaminated land and water. Whereas (activated) charcoal is well 
known Cor its toxic adsorbing properties, relatively little is known about how the choice 
of source material affects the sorption properties of the resulting charcoal and why. 
In the first instance, research focused on metal sorption properties of a rantgc of 
charcoals produced from contrasting wood types that are commoniv grovvn für 
commercial purposes (Scotch Pine, Sweet Chestnut and Poplar). It could he shomn that 
the metal sorption properties of these charcoals were proportional to their internal 
surface area and that the nanostructure of activated charcoal did not contribute to metal 
sorption. 
Subsequently charcoals made from a range of non-woody plants were assessed for their 
metal sorption capacity. It was töund that plant growth rate was related to metal 
sorption capacity. Fast growing plants such as Stinging Nettle and Swiss Chard 
produce charcoals with metal sorption capacities in excess of 200 000 nag Cu kol. The 
mechanisms of metal sorption by these charcoals were demonstrated to he through ion 
exchange and surface precipitation. It was demonstrated that source materials high in 
Na, K. Mg and Ca or with high ash contents, produced highly metal sorbent charcoals. 
Amendments of sweet chestnut and stinging nettle charcoal were made to highly 
contaminated mining spoil and demonstrated the huge potential of these charcoals in 
land remediation. Spoil samples naturally contaminated with > 1600 mg Cu kg-, and 
>34 000 mg As kg-' were used. At the end of a 40 day pot trail, a 4.0% by weight 
addition of stinging nettle charcoal increased plant growth by 20 fold. reduced As soil 
leaching by over 60% and reduced Cu soil leaching by 100%. A 4.0% by weight 
amendment of sweet chestnut charcoal only increased plant growth by 5.5 fold, reduced 
As soil leaching by over 60% and reduced Cu soil leaching by 85%. 
It is suggested that charcoal made from specific source materials is a potent material liar 
use in metal sorption and soil improvement for the treatment ofcontaminated land and 
Water. 
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INTRODUCTION 
1.1 POLLUTION, CONTAMINATION, REMEDIA TION 
AND RISK 
Contamination and pollution are two terms commonly used interchangeably, where in 
fact they are distinct. Contamination refers just to the presence of a substance without 
putting a 'value to it, while pollution relers to 'the introduction by man into the 
environment of substances or energy liable to cause a hazard to human health, harm to 
living resources and ecological systems, damage to structures or amenities, or 
interference with legitimate uses of the environment' (Holdgate 1979). This definition 
specifies 'man' but it should be noted that many naturally occurring situations exist that 
are included under the term 'pollution'. For example: in Bangladesh, between 35 
million and 77 million people are at risk of exposure to arsenic from contaminated 
groundwater. The arsenic present has been formed through natural geochemical cycling 
(Smith et al. 2000). 
For a situation to be classed as polluting it must have three essential elements. 
1. A contaminant: This is the substance that is in the environment or is being 
produced that has the potential to cause harm, to damage or to interfere with 
ecosystem function. 
2. A receptor: This is something that could be affected by the contaminant. 
Receptors include man, the environment and property. 
3. A pathway: This is the route or means by which the receptor can be exposed to 
or affected by the contaminant. 
These elements can exist independently, but only result in pollution when all three are 
present. This concept is called 'pollutant linkage' (Environment Agency 2004). Figure 
.1 shows a simplified model of environmental pollution (I loldgate 
1979). 
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Contaminant 
Source 
Rate of 
Contaminant emission of 
contaminant 
i'atImay Amount of 
contaminant 
reaching 
Receptor 
receptor 
FIGURE 1.1 MODEL OF ENVIRONMENTAL POLLUTION FROM SOURCE TO RECE: PI'OR 
(ADAPTED FROM HOLDGATF 1979). 
A 'contaminant" is a substance or energy source that has the potential to cause harm, to 
damage or to interfere it' present in the environment. 'C'ontamination' is the process by 
which the contaminant is produced and introduced into a specific environment. In 
many situations an area will change from 'contaminated' to 'polluted', once it becomes 
clear that the contaminant poses a risk. "Throughout this text these definitions are 
adhered to. 
The aim of land rernediation is to break pollutant-receptor linkages. This can be 
achieved by removing any one of the three essential elements that make up the pollutant 
linkage. For example, by breaking the 'pathway' a site will still be contaminated but 
the contaminant will not cause pollution. So without the pollution linkage, there is no 
risk - even if a contaminant is present in large quantities. 
Risk is closely related to pollution. In the situation of 'risk to health and the 
environment from pollution' the United States Environmental Protection Agency 
(USEPA) definition is used, which defines risk as 'a combination of the probability, or 
frequency, of occurrence of a defined hazard and the magnitude of the consequences of 
the occurrence' (Environment Agency 2004). Risk is an important factor in remediation. 
because even where there is a pollutant linkage, and thus a certain exposure, it still 
needs to be asked whether, the level of risk justifies remediation. Factors that can affect 
justification for remediation include government policies and legislation, costs to 
society and land value, public pressure and environmental concerns (Environment 
Agency 2004). 
1.2 CONTAMINA TED LAND 
Land contamination in its broadest sense describes a general spectrum of chemicals that 
have the potential to impair the optimal functioning of the biota associated with a 
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particular environment. It can include areas with elevated levels of naturally occurring 
chemicals, as well as specific sites that have been used for industrial activities. Such 
activities may have left a legacy of contamination due to operational activities or 
inappropriate waste disposal. Contaminated land can also include areas in which 
substances are present as a result of accidents, spillages, aerial deposition or migration 
(Alloway I990b; Holdgate 1979). In general terms this kind of land can be described as 
"land affected by contamination". 
In a small number of these situations, a site might be determined 'contaminated land' 
which has a specific legal definition set out in Part I IA of the Environmental Protection 
Act (Department for Environment Food and Rural Affairs 2006a) and is defined as "any 
land which appears to the local authority in whose area it is situated to be in such a 
condition, by reason of substances in, on or under the land, that: 
(a) Significant harm is being caused or there is a significant possibility of such harn 
being caused; or 
(b) pollution of controlled waters is being, or is likely to be, caused" (Department for 
Environment Food and Rural Affairs 2006a). 
1.2.1 SOIL CONTAMINATION LEGISLATION 
Urban regeneration can only succeed in the UK through the recycling of previously 
developed land. Current UK government policies have targeted urban brownfield and 
contaminated land for the building of housing as well as other 'hard' and 'sott' end uses 
(Dinsdale 2008). The Environmental Protection Act 1990, Part 2A was introduced in 
England to provide an improved system for the identification and remediation of 
contaminated land (Department for Environment Food and Rural Affairs 2006a). Along 
with Part 2A, planning and building controls, urban regeneration initiatives and 
voluntary action by landowners and industry are also in place to deal with the problem 
of contaminated land. The Contaminated Land Report II (Environment Agency 2004) 
states that for "new" potential sources of contamination, the accepted principle is that 
deterioration ofthe environment needs to be avoided' (Environment Agency 2004). 
This principle works with a system which is called 'Integrated Pollution Prevention and 
Control' (I PPC), which is designed to regulate certain industrial activities through an 
integrated environmental approach, with the aims of ensuring a high level of protection 
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for the environment. This means that regulators must set conditions that aim to achieve 
a high level of protection for the environment as a whole. IPPC. therefore works 
towards prevention or reduction of emissions and waste production and where this is not 
practical, reduce them to acceptable levels as well as restore sites when industrial 
activities cease ([nvironment Agency 2004, Slater et al. 2001). For past contamination. 
government policy is designed around taking action where there is considered to he an 
"unacceptable risk to human health and the environment". This is based around specific 
future uses of the land as well as its environmental setting (Fnvironnient Agency 2004). 
1.2.2 EXTENT OF CONTAMINA TED LAND PROBLEMS 
Throughout the UK, there are thousands of sites that have been contaminated by 
previous use. Often contamination of a site is associated with industrial processes or 
activities that have now ceased, but where waste products and harmful residues remain 
on the site. Recent estimates suggest that there are 50 000 - 300 000 ha of 
contaminated land in the UK alone and over 1.2 million sites in Western Europe 
(Environment Agency 2004). Many of these sites have complicated pollution problems, 
due to a history of changing use and Unknown contamination, making remediation of 
these sites difficult, expensive and slow. 
1.2.3 TYPES OF POLLUTION 
1.2.3.1 Metals 
The term 'heavy metals' has been used for many purposes to define pollution with toxic 
metal species but has not been defined by an official authoritative body. Definitions 
used for `heavy metals' range hugely, some examples include: `metals or metalloids 
with an atomic density greater than 6g cm-1', 'metals and sernirnetals (metalloids) that 
have been associated with contamination and potential toxicity or ecotoxicity', 'metal of 
atomic weight greater than sodium' or an `element commonly used in industry and 
generically toxic to animals and to aerobic and anaerobic processes' (Duffus 2002). 
Duffus (2002) states that "however defined, [heavy metals] always covers an extremely 
disparate group of elements, and an even more disparate group of compounds of the 
elements. Thus, any assumption of underlying functional similarity in biological or 
toxicological properties is bound to be wrong". As such, with lack of a suitable 
alternative, the term is used with appreciation for its inaccuracy as defined by The 
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Dictionary Water and Waste Treatment, which states that heavy metals are "elements 
commonly used in industry and generically toxic to animals and to aerobic and 
anaerobic processes, but not every one is dense or entirely metallic. " Thus heavy metals 
include As, Cd, Cr, Cu, Pb, Hg, Ni, Se, /n and U. 
I-leavy metals occur naturally in rocks and ores, and as such. are usually found in soil at 
a range of background concentrations (Ward 2000). In fact some heavy metals are 
essential components of living cells. For example Cu, Fe and /n are required for 
activity of key metalo-enzymes in photosynthesis and electron transport (Alloway 200I 
Roane et al. 1996). However, when the concentrations of these essential metals are too 
high they can have toxic or carcinogenic effects on organisms (Eloldbate 1979). When 
in an available form (ionic or as an organo-metal complex), heavy metals are readily 
absorbed into living tissues where they can hind to functional groups in enzymes and 
nucleic acids and other important cellular molecules blocking their normal functions 
(Morrison et al. 1989). Thus heavy metals have a wide ranging impact on animals, 
plants and microorganisms. 
"['he causes of toxic levels of heavy metals within the environment can be through 
natural processes or human activity, the latter being more common throughout the last 
century and present day. The presence of heavy metals can be through man's activities 
such as mining, smelting, disposal of metallurgical waste and effluent, disposal of 
sewage sludge and animal slurries and use of agricultural fertilisers and pesticides 
(Alloway et al. 1993; Baird et al. 2004). Indirectly, heavy metals can reach the soil 
through atmospheric pollution by burning of fossil fuels and motor vehicle exhausts 
(Alloway et al. 1993; Holdgate 1979). 
In soils, metals bind to soil particles, are complexed by humic substances and 
precipitated as insoluble salts. Unlike organic contaminants, metals are not degradable. 
They can be transformed to different chemical states, be incorporated into larger 
molecules but unless physically removed they will persist indefinitely in the 
environment (Alloway I990a). 
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1.2.3.2 Radionuclides 
Radionuclides are atoms with unstable nuclei, in which the nucleus has excess energy. 
This excess energy is imparted either to newly-created radiation particles within the 
nucleus, or to atomic electrons. This process is called radioactive decay. Different 
radioactive particles are released during radioactive decay, which have different 
consequences to humans and the environment. Most damaging are gamma rays due to 
their ability to pass through matter including the human body. As gamma rays pass 
through the body they lose their energy. This transfer of energy can he directly 
damaging to DNA and proteins or indirectly through the production of free radicals 
which are highly reactive molecules that can cause cell damage and mutation (Alloway 
et al. 1993; Baird et al. 2004). 
Radionuclides have been released through nuclear accidents such as those at Windscale 
(UK) in 1957 and Chernobyl (Ukraine) in 1986. Pollution in these cases was due to I 
137Cs and''°Sr. 1"1 has a very short half life so possess minimal long term risks whereas 
117 Cs and 9°Sr have half life's of 30 and 29 years respectively (Alloway 2001; Baird et 
al. 2004). These radioactive elements behave like other elements in the soil resulting in 
uptake and transport through the ecosystem and food chains. ')"Sr is particularly 
hazardous as it behaves similarly to Ca and so is stored in the skeleton (Alloway et al. 
1993; Alloway 2001). 
1.2.3.3 Organic contaminants 
Organic contaminants in soil include large organic molecules such as hydrocarbon 
petroleum products, such as alkanes, aromatic hydrocarbons and organic components 
containing nitrogen and sulphur as well as hydrocarbons derived from coal. Other 
organic contaminants are often called persistent organic pollutants (POP) which include 
polyarornatic hydrocarbons (PAHs), polyheterocyclic hydrocarbons (PHHs), 
polychlorinated biphenyls (PCBs), polychlorinated debenzodioxins (PCDD), 
polychlorinated dibenzofurans (PCDFs) as well as pesticide residues and metabolites 
(AIloway 2001). 
Typical sources of hydrocarbon pollution include fuel storage and distribution. It is 
estimated that around 30% of all petrol stations in the UK may be causing some 
subsurface pollution through leakages from underground storage tanks (Alloway et al. 
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I993 Department for Environment Food and Rural Affairs 2002). Despite the huge 
potential damage being caused by the leaking of hydrocarbons into the environment, 
they are in fact readily degraded and pose less toxicological risks than POP, the 
exception here being Pb containing petrol which poses a significant long term risk 
(Alloway 2001). Lubricating oils contain hydrocarbons, metals and more importantly 
PAHs. These oils, specifically engine oils are sometimes deposited directly onto soil. 
In this way land around garages, farm yards and scrap yards can be contaminated by 
hydrocarbons (Alloway 2001). Furthermore, hydrocarbon solvents used by solvent 
manufacturers or producers of semiconductors and electrical components are often 
released into soil through spills and leaks. Despite having low water solubility, these 
chemicals can migrate through soil into groundwater, leading to serious problems 
(Alloway 2001). 
1.2.3.4 Cyanides 
Cyanides, although biodegradable by certain bacteria are highly toxic. Cyanide exists 
in three states in the environment; as volatile hydrogen cyanide (HCN), as a salt (KCN) 
and in a complexed form with metals such as Fe, which forms (Fe7(CN)is, commonly 
known as prussian blue. Cyanide toxicity relates to cyanide's ability to inhibit 
respiration and cellular metabolism causing toxic effects to a wide range of organisms 
including microorganisms, animals and humans. In humans the lethal dose of HCN is 
60 mg kg-I body weight (Leithe 1972). 
Cyanide is produced naturally in the environment by plants, possibly as a defence 
mechanism against attack by a range of microorganisms including algae, bacteria and 
fungi. Industrial cyanide pollution is caused by several industries including gas-works, 
electroplating, mining, and the production of many chemicals, pharmaceuticals, paints, 
pesticides and synthetic fibres (Baird et al. 2004; Leithe 1972). 
1.3 CON TA MINA TED WA TER 
1.3.1 DEFINITIONS 
The terms 'surface water' and 'groundwater' cover all the land based environmental 
water in the UK. Clouds and other atmospheric water accumulations are not included. 
Surface waters include all accumulations of water on the surface of the land such as 
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rivers, lakes, reservoirs, ponds, streams, coastal waters and estuaries (Department of the 
Environment Transport and the Regions 2001; Environment Agency 2007b). 
Groundwater is defined as 'all water which is below the surtace of the ground in the 
saturation zone (below the water table) and is in direct contact with the ground or 
subsoil' (Department of the Environment Transport and the Regions 2001; Environment 
Agency 2007b). 'Marine water' covers the oceans that lie beyond the coastal waters. 
Finally, 'drinking water' refers to water used for human consumption (Environment 
Agency 2007h). 
1.3.2 LEGISLATION 
Environment Agency (EA) guidance states that `almost any solid, liquid or gaseous 
substance entering surface waters or groundwater could he a pollutant'. This even 
includes rainwater that runs across a site if it becomes contaminated as it passes through 
(Environment Agency 2007b). 
Current regulations include `The Groundwater Regulations' which supplement the 
'Water Resources Act 1991'. Groundwater regulations are based around two lists of 
substances. List 1 substances are the most damaging and toxic, and therefore must be 
prevented from directly or indirectly entering groundwater. They include many 
pesticides and herbicides, certain solvents, mineral oils and hydrocarbons, and the 
metals cadmium and mercury. List 11 substances are less harmful, but their release is 
controlled to prevent pollution of groundwater. They include many metals, such as zinc, 
lead and copper, certain biocides, phosphorus, fluoride, ammonium, nitrate and 
anything that will make groundwater 'unfit to drink' (Department of the Environment 
2001, European Union 1976). Concentrations of contaminants in drinking water are 
very important as they are in direct contact with humans when consumed. The average 
adult person will drink 1.5 I day-' and therefore can be affected far more rapidly via oral 
intake of pollutants in water than when exposed to pollutants via skin contact (Alloway 
et al. 1993) 
1.3.3 EXTENT OF WATER POLLUTION PROBLEMS 
Pollution of natural waters by both biological and chemical contaminants is a 
worldwide problem. Few populated areas exist that do not suffer from some form of 
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water pollution. Polluted groundwater and surface waters present the greatest direct risk 
to humans due to our reliance on them for drinking water (Baird et at. 2004). 
1.3.4 TYPES OF CONTAMINA TION IN WA TER 
1.3. x. 1 Heavy Metals 
I leavy metals have entered the water system through man made activates since mining 
for metals began. Mining spoil can he rich in metals which are released into the water 
system through water erosion of the spoil heaps. I ow levels of heavy metals can be 
fäirly toxic to freshwater life, but certain organisms such as molluscs, crustaceans and 
water plants like water buttercup have the ability to concentrate metals several hundred 
times, increasing concentrations in their tissues to highly hazardous levels if consumed 
(I loldgate 1979). Persistence of metals can lead to hioaccumulation where metal 
concentrations in organisms rise from low levels to highly concentrated ones as they 
move up the food chain (Holdgate I979). 
1.3.4.2 Organic pollutants 
Organic pollutants reach the water system from many sources including run off from 
contaminated soil and waste, run off from roads and urban areas and directly via 
industrial effluents. Generally organic contaminants are found at their highest 
concentrations in surface waters, although groundwater can also be significantly 
affected. 
1.3.4.3 Cyanides 
Cyanide in groundwater has been Found associated with sites used for aluminium 
sºnelting, gas works, electroplating, as well as mining and processing of metal ores. 
Cyanide is also in the top 30 of the priority list of hazardous substances (ATSDR 2006). 
In water systems cyanides generally occur in water in four different forums (Ghosh et al. 
2006) 
1) Free cyanide: HCN, CN- 
2) Metal-cyanide complexes: Weak complexes: Ag(CN)2-, CdCN- 
Strong complexes: Fe(CN)4-, f=e(CN); - 
3) Cyanate, thiocyanate CNO-, SCN- 
4) Organocyanides Nitriles, cyanohydrins, 
I0 
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The toxicity of cyanide-containing waters is strongly affected by the chemical state of 
the cyanide as well as pH (Leithe 1972). Free cyanide is particularly toxic and highly 
soluble. For this reason it can easily be taken up by aquatic organisms. In fish levels as 
low as 0.05 mg I-1 can be fatal (Leithe 1972). Toxicity of metal-cyanide complexes and 
organocyanides is basically a function of their dissociation to free cyanide ions (Higgins 
et al. 2006, Leithe 1972). Dissociated free cyanide ions in water arc readily converted 
into hydrocyanide hence the relationship between dissociation and toxicity (1-iiggins et 
al. 2006). Dissociation is strongly affected by exposure to natural light, low pl-I and 
water hardness (mineral content) (I ii-gins et al. 2006). Certain metal-cyanides are 
particularly toxic due to their high instability resulting in rapid release of free cyanide as 
well as free metals that are also toxic. For example ZnCN and CdCN are extremely 
toxic to aquatic life, whereas NiCN- and CuCN- are relatively stable and thus non-toxic 
at a pl I above 8 and 7 respectively (I liggins et al. 2006). 'I hiocyanate has much lower 
toxicity and is in fact the main product produced by primary cyanide detoxification 
mechanisms in most organisms (Higgins et al. 2006). 
1.4 METAL SPECIA TION A ND BJOA VA ILA BILl TV 
Metal remediation techniques rely heavily on the manipulation of metal speciation and 
bioavailability. It is only when in solution that metals can be transported and taken up. 
be it through soil systems to plant roots and other biological receptors, or into 
groundwater and surface water (Ritchie et al. 2001). How to influence metal speciation, 
sorption and precipitation within soil or water systems holds the key to the remediation 
of land that is contaminated with heavy metals. 
Metal speciation is affected by several factors including pH, redox potential, and ionic 
strength of the metal itself (Roane et al. 1996). High pH conditions result in metals 
forming insoluble precipitated salts such as metal-phosphates and metal-carbonates. 
whereas in low pH they are found as free ionic species or as soluble organo-metals. Not 
all metals are more soluble at low pH. For example As is more soluble at high pH as it 
occurs as arsenite or arsenate which are anions (Roane et al. 1996). Redox potential of 
the environment is another important factor that determines metal mobility and toxicity. 
Redox potential is affected by environmental factors such as water content, soil 
structure as well as the metabolic activities of microorganisms. Normally, soils with a 
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high water content, poor structure and fine texture become easily water logged, resulting 
in low redox potential. Oxidation and reduction reactions that affect redox potential in 
soil are relatively slow. Reducing conditions result in the precipitation of metals due to 
the formation of'metal sulphides, metal carbonates and reactions with Fe2+ ions (Roane 
et at. 1996). Under oxidising conditions metals occur in more oxidised terms, meaning 
that their ions have higher oxidation state, making them more water soluble (Roane et al. 
1996). 
Organic matter also plays an important role in metal-bioavailability as it has the 
capacity of binding large quantities of metal in soils. To a lesser extent particulate 
matter such as clays, iron, carbonates and phosphate are also capable of binding metals 
(Peters 1999). Therefore, metal toxicity is affected by the concentrations of clays, 
mineral sesquioxides and organic compounds in the soil. All these reduce the mobility 
of metals and help to prevent them from being transported to the hydrosphere or being 
taken up by biota (Ge et al. 2000). In general soils which have low concentrations of 
mineral sesquioxides, organic matter and clay, have a lower capacity to immobilise 
metal ions than soils that are rich in organic matter and have high clay and sesquioxide 
content (Ward 2000). Due to constant reduction and oxidation reactions affecting 
metal speciation and pH, metal bioavailability in soil is variable (Alloway 1990b; Roane 
et al. 1996; Ward 2000). 
Ion exchange is a common mechanism by which heavy metals are bound to solid 
particles through the exchange of equivalently charged ions. For example a Cu2+ ion 
may displace a Cat ion or two K+ ions. Order of exchange depends on the specific 
chemistry of the adsorbent and the exchanged ions. The exchangeability of an ion 
depends on several factors including oxidation state, hydrated diameter, as well as the 
type and concentration of competing ions. Cation exchange materials generally have 
increasing preference for ions in the order Zn < Co < Cd < Ni < Pb although different 
adsorbents have different preferences. For example clay particles have the following 
preference for ions Zn < Cd < Mg < Cu < Pb < Ca (Alloway et al. 1993; US 
Environmental Protection Agency I981). Specific adsorption is slightly different to ion 
exchange in that it involves the exchange of cations or anions with surface ligands to 
form partly covalent bonds with lattice ions. In these situations metal adsorption can be 
greater than that of the material's ion exchange capacity. Specific adsorption increases 
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with decreasing equilibrium constant (pK) values, thus the order for decreasing 
adsorption is: Cd > Ni > Co > 7. n » Cu > Ph > IIg (Alloway et at. 1993). Specific 
adsorption is highly pH dependent, this being due to the positive relationship between 
the ability of a metal to form hydroxyl complexes and how much it is adsorbed. 
1.5 REMEDIA TION OF METAL POLLUTION 
Several approaches are currently used to break the pollutant linkage for metal 
contamination. These approaches can have one of the following objectives: (1) a 
decrease in contaminant mass or concentration. (2) a decrease in contaminant mobility 
or toxicity, (3) effective containment of the contaminant, and/or (4) management of the 
receptor (Environment Agency 2007b). 
Several different techniques can be used to achieve these goals, but they all rely on 
biological, chemical or physical principles. Biological principles utilise the activity of 
organisms such as bacteria, fungi, algae or higher plants to reduce metal bio-availability 
via leaching, volatilisation, incorporation and immobilisation. These reactions involve 
oxidisation reactions that increase metal mobility and enhance leaching, reduction of 
metals to obtain more reduced metal species that precipitate as metal salts, biosorption 
and sequestration to reduce metal mobility, methylation to volatilise metals and hyper- 
accumulation to extract and compartmentalise metals in biomass. 
Verification of remediation is potentially the most important aspect of any remediation 
process. Without verification that there is no further pollution risk, a site cannot be 
declared safe for future use. Verification is based around legislative regulations that 
define various conditions and parameters that constitute a risk to potential receptors. 
The Environment Agency defines verification as the process of demonstrating that the 
risk of a pollutant has been reduced to meet rernediation criteria and objectives based on 
a quantitative assessment of remediation performance" (Environment Agency 2007a). 
Thus the goal of verification is: to demonstrate that identified risks are successfully 
managed over pre-defined timescales" (Environment Agency 2007b). 
1.5.1 BIOL OGICA L REMEDIA TION PRINCIPLES 
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Microorganisms can interact in several ways with metals in soil systems and waste 
streams, including oxidisation reduction, biosorption, sequestration, methylation and 
hyper-accumulation. 
1.5.1.1 Oxidation - Reduction reactions 
Microorganisms can either oxidize metals, which increases their valence resulting 
generally in mobilisation or they reduce metal species in which case the metal's valence 
is reduced generally making them less mobile. These are natural mechanisms that have 
evolved as delence mechanism to prevent metal toxicity by preventing entry ofthe 
metal into the cell. Enzymatically catalysed reduction of Hg2' to non toxic Hg° is used 
by several species of bacteria such as Pseuddornonads, to reduce Hg toxicity. This 
process has been utilised in the treatment of wastewaters from choralkali plants which 
contain high concentrations of Hg2 . 
Through the use of naturally adapted 
Pseaulomonas j)ulida, IIg2f was converted to Hg" with an efficiency of between 90 and 
98% allowing it to be retained in bioreactor columns (Canstein et al. 1999). 
A less specific mechanism by which metals are reduced is found in some anaerobic 
bacteria that are capable of using high oxidation state metals as electron acceptors for 
the oxidation of organic matter. Many metals can be utilised in this way by bacteria 
including Fe(Ill), Mn(lV) U(VI) Cr(VI), Se(VI) and As(V) (Lloyd 2002). Finally, 
highly efficient reduction of metals can occur abiotically through indirect mechanisms 
of certain anaerobic bacteria. For example Fe(III) reducing bacteria catalyse the 
formation of Fe(II) which precipitates (Lloyd 2002). Sulphate reducing bacteria can 
also cause this phenomenon through the formation of insoluble sulphide elements. This 
process has been used in the treatment of water from metal sulphide refining sites in the 
Netherlands (Lloyd 2002). 
1.5.1.2 Biosorption 
The use of biological materials for heavy metal removal and recovery has received 
increased credibility in the last 10 years, due to its low cost and high efficacy. 
ßiosorption uses dead biomass from bacteria, yeasts, fungi and algae to bind toxic 
heavy metals. Naturally abundant or waste biomass is harvested, killed, acid treated and 
finally dried and ground to create relatively stable biosorhent particles. Commonly for 
large scale industrial processes biosorbents are immobilised in synthetic polymers or 
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other support structures (Kratochvil et al. I998). Immobilisation provides significant 
advantages to the water industry such as better reusability of the material, high biomass 
loading and minimal clogging in continuous flow systems (Kratochvil et at. 1998; 
Volesky et at. 1995). Typically, biosorbent materials are packed in columns through 
which waste water is cycled. Once exhausted, the biosorbents can be recharged through 
extraction of metals with strong acids or simply disposed of (Kratochvil et al. 1998). 
Biosorption has been shown to be due to ion exchange and as such it is only effective in 
situations where metals are in solution. The process is also highly dependent on pf I and 
redox potential. This is because pi I and redox potential (being measures ofthc transfer 
of protons and electrons between chemical species) strongly effect the dissociation of 
ions from their solid forms (Grist et al. 1994; Kratochvil et al. 1998; Naja et al. 2005). 
In particular Rhizoprrs tu-rhizu. t has been researched extensively fier its ability to bind a 
range of metals. It was shown that sorption of metals occurs mainly onto carboxylic, 
sulphonate and phosphate groups (Fourest et al. 1994; Naja et at. 2005). Riosorbents 
are preferred over traditional methods for metal removal due to their low cost, low 
volume of disposal, high efficiency and lack of nutrient requirements. The main 
disadvantage of this technology is that the materials are liable to be degraded, resulting 
in the release of bound metals. This limits the useful life of biosorbents and prevents 
their use directly in soil, unlike other sorbent materials such as, zeolites and charcoal 
which are biologically inert. 
1.5.1.3 Sequestration 
Sequestration is the complexation of metals with microbially excreted products. 
Complexation of metals occurs either via non-specific binding to living cell wall 
surfaces, to extracellular polymeric substances or to other extracellular products, or 
through intracellular uptake (Hetzer et al. 2006; Miller 1995; Roane et at. 1996). 
Biosurfactants, bioemulsifiers and siderophores are extracellular products released by 
microorganisms that have been shown to complex and chelate metal ions effectively 
(Roane et al. 1996). Biosorption can be defined as adsorption of metals onto biomass 
while complexation is defined as the process where molecules excreted by organisms 
bind metals (Roane et at. 1996). C omplexation has been demonstrated by a range of 
different microorganisms including bacteria, algae, fungi and yeasts (Roane et at. 1996). 
Complexation of cationic metals by microorganisms is reduced significantly at low pH 
while the opposite effect is seen for anionic metals. Complexation is also dependent on 
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the organism itself (certain bacteria have different affinities for different metals). the 
metal type (due to differing metal chemistries) and the physiochemical properties of the 
local environment (such as pH, redox potential and the presence of other binding 
materials like clays). Metal complexation is thought to have the most significant effect 
on metal bioavailability in the environment (Casselton 1995, Roane et al. 1996). 
1.5.1.4 Methylation 
Methylation of metals is the process by which a methyl or alkyl group is added to a 
metal. This results in increased lipophilicity and pernmeability, allowing, the metal to 
cross biological membranes. This significantly increases metal toxicity and 
mobilisation in the environment. For example, monomethyl or dimethylmercury 
t)21 
is 10 to 100 times more toxic than non-methylated IIg formed by methylation of l lo 
Microorganisms use this mechanism as a way of volatilising toxic metals, facilitating 
their diffusion away from the organism (Roane et al. 1996). 
1.5.1.5 Phytoremediation 
Phytoremediation is the use of plants to remove hazardous substances from a site. 
Generally this is achieved through uptake of the contaminant by plant roots. 
Phytoremediation is attractive as it is a natural, solar-energy driven and low cost 
remediation technique. More specifically, phyto-extraction is the process of extracting 
heavy metals into plant biomass followed by repeated harvesting of the above-ground 
material (Marchiol et al. 2007). 
1.5.2 CHEMICAL REMEDIA TION PRINCIPLES 
1.5.2.1 Oxidation/reduction 
In most environmental systems individual metals can exist in several different oxidation 
states (which relates to the number of electrons in the atom) and isotopic compositions 
(which relates to the number of neutrons and protons in the atom). This phenomenon is 
termed speciation (Hughes et al. 1991, Morrison et al. 1989). Speciation of metals can 
have a significant effect on the metal's properties and thus their toxicity. For example 
aluminium and iron are some ofthe most abundant elements in soils, but most of their 
chemical species found in soil are extremely immobile (such as AI,, (P04)2). This is 
fortunate as Al is highly toxic to plants and animals, and yet can he unfortunate as Fe 
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nutrition is often limited in plants. Much of the environmental legislation governing 
contamination is yet to fully take speciation into account. For example, arsenic exists 
either as As(V) or as As(III) (Ritchie et al. 2001, Wilson 2002). Although both species 
are toxic, As(Ill) is significantly more so, yet legislation only lists levels of total As. 
The reason for the lack of legislation against specific metal species is that analytical 
methods for determining metal speciation can be both complex and expensive. 
I lowever, the majority of metal contaminants such as Cd, 7. n, Cu. Ph and Ni metals are 
usually only töund as M", or MOI I+ (Ritchie et at. 2001, Wilson 2002). 
1.5.2.2 Extraction 
Thermal processes use heat to remove or destroy contaminants by incineration, 
gasification, desorption, volatisation or pyrolysis. Soil is usually heated in a rotary kiln 
at temperatures between 150 and 400 T. This temperature is not high enough to 
volatise most metals, but volatile metals such as Hg and As can be extracted this way 
and then condensed for further disposal (Mulligan et al. 2001). 
1.5.2.3 Solidification 
Solidification is used to solidify contaminated materials converting them into less 
mobile chemical forms or binding them within an insoluble matrix. For example 
Portland cement can be used to transform soil into a cemented mass, with significantly 
increased strength and durability while contaminants are effectively immobilised 
(Vallejo et al. 1999). Solidification is often used for non-productive soil environment 
especially if a site is going to be built on. 
1.5.2.4 Immobilisation 
Several different mechanisms can be used for the immobilisation of metal ions, 
including cation exchange and specific adsorption, organic cornplexation, and co- 
precipitation. Immobilisation should preferably be irreversible. Immobilisation 
techniques can he employed in-situ or ex-situ. In-situ immobilisation of metals requires 
an in-depth understanding of their complex chemistry in soils and water systems. For 
example if sorption occurs through simple electrostatic interactions, sorbed metals could 
easily be remobilised through changes in the environmental conditions such as a 
lowering of soil pH. In contrast, metal sorption by complexation or surface 
precipitation tends to be more stable. 
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Adsorption can be specifically defined as the removal of solute components from the 
aqueous phase by a solid phase at its surface (Ritchie et al. 2001; Ure et al. 2001; 
Wilson 2002). Adsorption is by strong ionic or covalent bonds as well as weaker van 
der Waals forces (Ritchie et al. 2001, Ure et al. 2001, Wilson 2002). Precipitation is the 
process of'separating a substance from a solution as a solid, often within complex 
matrixes that trap the precipitates (Alloway et al. 1993, Ritchie et al. 2001, Wilson 
200-1). 
1.5.3 TECHNICAL REMEDIATION PROCESSES 
Complete remediation of a site contaminated with metals usually results in the 
utilisation of several different processes. Remediation goals can be achieved through 
direct engineering based approaches using methods such as dig and dump, containment 
or dilution. Alternatively, process based techniques can he utilised, making use of 
physical, biological, chemical processes as outlined. Engineering based remediation 
uses traditional methods, to simply create a physical barrier between the contaminant 
and the receptor. Soil mixing can be used on large sites that contain significant 
quantities of uncontaminated material, the aim being to dilute the contaminants bringing 
concentrations down to legally acceptable levels. 
1.5.3.1 Containment and Dig and Dump 
Containment involves the construction of a physical barrier made from materials such 
as clay, steel or cement that are designed to prevent or Iimit the migration of 
contaminants or passage of carriers such as water through the contaminated area (Wood 
1997). Clearly containment makes no effort to remediate the contaminated soil itself, so 
if the containment fails the pollution linkage will return. As such, containment is often 
used to temporarily limit the polluting effects of an area before or during the 
remediation of the contaminated material. 
Dig and dump is a similar method to containment, except that the material is removed 
from the site and dumped at a new location, often a landfill site. This requires three 
steps, soil excavation. transport and burial (Wood 1997). This again does not remove 
the pollutant, but will minimise the risks of contaminants coming into contact with a 
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receptor thus achieving remediation goals. With heavy taxation on the movement and 
landfill of hazardous wastes, dig and dump is extremely expensive, yet preferred by 
many rernediation companies because of its speed, simplicity and guarantee that no 
pollutants are left that could pose future liability. 
1.5.3.2 Soil Washing and Pump and Treat 
In soil systems it is possible to chemically extract contaminants through a process called 
soil washing. In the case of contaminated groundwater, the contaminated water can be 
pumped above ground treated and discharged or re-injected. This type of treatment is 
called pump and treat. These processes can be under taken in-situ or ex-situ (Mulligan 
et at. 2001). Soil washing is problematic due to the high cost and long operation times 
required for proper remediation. Also the strong binding strength of metals to soil 
components requires the use of acids or chelating agents to remove the metals. As a 
result of these harsh treatments the treated soil is of poor quality. Once the metals are 
dissolved in the wash water, they are extracted using various biological and chemical 
techniques, including immobilisation, biosorption or oxidation-reduction reactions. Soil 
washing is expensive with an estimated cost of £80 per m' (Peters 1999; Roane et al. 
996). Pump and treat does not involve excavation of soil and has been used for over 
20 years. Extracted groundwater can be treated in several ways. The main problems 
with pump and treat are the high energy usage and long operational times required for 
complete removal of the pollutants (Simon et al. 2002). 
1.5.3.3 Permeable Reactive Barriers 
Permeable reactive barriers (PRBs) enable physical, chemical or biological in situ 
treatment of contaminated groundwater. PRBs make use of reactive materials placed 
into underground trenches that form a permeable barrier. The PRB is positioned in 
such a way that the contaminated groundwater naturally passes through it. Thus the 
contaminated water is treated without the need for soil excavation or water pumping. 
Materials that are incorporated in PRBs can be those discussed in section 1.5.3.6, in 
particular zeolites, iron oxide and charcoal. The use of bioremediation where pollutant 
degrading organisms form a biof lm on a support material have also been used in PRBs 
(Simon et al. 2002). 
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1.5.3.4 Monitored Natural Attenuation 
Natural attenuation relies on natural microbial, chemical and physical processes to 
reduce pollutant levels on a given site (Smets et at. 2003). Monitored natural 
attenuation differs from simply doing nothing due to a programme of thorough long- 
term site monitoring that ensures that remediation is occurring. Monitoring is achieved 
using soil enzymatic activity, metabolic biornarkers, measurements of specific 
contaminants or breakdown products (Smets et al. 2003). Monitored natural attenuation 
is beneficial in that it is often seen as more acceptable by the public than more invasive 
remediation techniques and it can he used with other methods as a post or pre treatment 
phase. It is also significantly cheaper than many alternatives (Mulligan et al. 2001). 
The disadvantages of this method are that remediation times achieved with monitored 
natural remediation are usually very long, while there is a great deal of uncertainty 
regarding the täte of the pollutants that are present. For example, remediation 
mechanisms of inorganic contaminants are largely unknown and by-products can be 
produced that are more hazardous than the original contaminant, while desorption or re- 
solubilsiation of contaminants can also occur (Mulligan et al. 2004). 
1.5.3.5 Physical Separation 
Physical separation as a means to rernediate soil relies on differences in the physical 
properties of contaminated and uncontaminated materials, such as density, particle size 
and volatility (Casselton 1995, Wood 1997). These processes are beneficial as they 
have the potential to significantly reduce the volume of material for disposal or further 
treatment. Physical separation techniques can still leave secondary waste streams (the 
separated material still needs to be remediated) and they are often impractical in soils 
with high clay content due to the strong binding capacity of clay particles and the 
physical structure of clay soils (sticky and lumpy when wet and rock hard when dry). 
Once contaminated particles or contaminated soil are separated, the material can then be 
treated using other processes to completely remove the contamination. 
1.5.3.6 Soil Amendments 
Direct amendment of materials that aid remediation of contaminated soils is a technique 
used to improve soil quality as well as achieving in situ immohilisation of heavy metals. 
Soil amendments Wulst have a high binding capacity to heavy metals, but also should 
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improve soil structure and fertility. Several materials exist that are able to achieve these 
()oats. 
1.5.3.6.1 Iron Oxide 
Iron oxides have been shown to effectively bind anionic metals such as arsenic from 
soil and water. Several different iron based products exist including, ferrous sulphate. 
Goethite, amorphous iron hydroxide and steel shots (iron grit). All these materials have 
different metal binding capacities and detoxification efficiencies. In soil leachate tests 
on As contaminated canal dredgings, iron (III) sulphate reduced As leaching by 71°/x. 
goethite was able to achieve a 50% reduction in leaching, and iron grit achieved a 
reduction of 60%. In the same tests Cd. Zn and Pb leaching were all increased through 
the addition ofiron oxide products (I lartley et al. 2004). On the other hand two steel 
industry by-products with high Fe content were shown to el ectively reduce mobility of' 
As, Cr, Cu, and Zn in soil without causing substantial increases in Fe leaching (Lidelow 
et al. 2007). 
1.5.3.6.2 Zeolites 
Zeolites are crystalline aluminosilicate elements; they can be formed naturally when 
alkaline salty water combines with volcanic ash, resulting in rapid crystal formation. 
Alternatively they can be manufactured through the use of heterogeneous gels created 
from a silica source and an aluminium source that are combined with alkaline water 
(Oste et al. 2002). Zeolites have an open complex structure with many channels and 
cavities containing cations and water molecules. The structure and chemistry of zeolites 
allows them to be used as molecular sieves as well as for selective cation exchange 
(Oste et al. 2002). The use of natural zeolites to improve soil quality has been used for 
many years. Their amendment raises soil pEl. and ammonium retention, while water 
holding capacity and aeration of the soil is increased (Oste et al. 2002). Natural zeolites 
have shown some successes in reducing metal uptake in plants. For example, for 
mercury contamination, natural zeolites have been shown to be successful in 
significantly reducing uptake in plants (Chojnacki et al. 2004, Haidou ti 1997). 
1 lowever, in general their efficiency in binding metals in the field is far lower than 
found in laboratory studies (Chlopecka et al. 1997; Garcia-Sanchez et al. 1999). 
Synthetic zeolites have been more successfully used in land remediation than natural 
zeolites and their amendment to soil has resulted in increased metal sorption in lab 
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studies as well as effective reductions in heavy metal uptake by plants in contaminated 
soil systems with amendment rates as low as 1% (Nissen et at. 2000). 
1.5.3.6.3 Compost 
Incorporation of'composted materials offers a soil amendment method which can 
correct soil infertility and metal toxicity problems as well as diluting heavy metal 
concentrations. As well as reducing metal availability, compost additions increase CEC 
of soil, act as a slow release fertiliser and improve water drainage and aeration ol'the 
soil. The downside ofcompost amendments is that over time the organic matter is 
degraded and eventually any bound metals will be released back into the soil. 
Commercial compost added to metal contaminated soil from a disused Zn smelter site 
was shown to reduce extractable Zn, Cd. Cu and Pb by 45%, 27°/x, 45% and 48% 
respectively (Ruttens et al. 2006). In contrast to this, other research testing a range of 
composts, has shown mixed results suggesting that some composts actually increase 
metal leaching, and that in low contaminated situations composts additions reduced 
plant growth (van Herwijnen R. et al. 2006, van Herwijnen R. et al. 2007). 
1.5.3.6.4 Charcoal 
In general charcoals are known to be extremely inert with high sorption capabilities 
especially for heavy metals and low molecular weight hydrocarbons. For metal 
contamination the most commonly used charcoals are bone charcoals (Foley 1986). 
This ability to adsorb contaminants as well as being inert means that it has been widely 
used in water treatment systems. Use of bone charcoals in soil has received limited 
attention, partly because of its expense. However, the use of charcoal to improve soil 
conditions is not new. The native Indians of the Amazon basin used charcoal to 
improve soil fertility (Glaser et al. 2001). Limited research into the addition of charcoal 
to soils has shown that charcoal added to a variety of soil types resulted in significant 
yield increases for a variety of crops on in a variety of soil types (Glaser et al. 2002). 
The fact that charcoal improves soil quality in non-contaminated situations combined 
with its detoxifying potential suggests that its use in soil remediation could be extremely 
valuable, but as yet limited research in the topic has been undertaken. 
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1.6 CHARCOAL 
1.6.1 PRODUCTIONAND PROPERTIES 
The term charcoal covers a wide range of materials, but essentially it describes 
carbonised wood or other organic matter produced by heating to high temperatures in 
the absence of oxygen. Normally, materials are dried to remove water before being 
charred. During charring. initially free water held in pores or similar structures is driven 
off. As the temperature rises above 150 °C even water that is tightly or chemically 
bound is driven oft (Foley I986). After all the water is driven off, pyrolysis commences. 
In wood, pyrolysis is used to describe the mixture of changes that occurs to organic 
matter as it breaks down at high temperatures in the absence of oxygen. In wood, 
pyrolyisis occurs at around 280 °C, and involves the breakdown of cellulose, 
hemicellulose and lignin into various chemical compounds including gases (Foley 
1996). The final product is an inert carbon structure. Generally, air dried wood when 
charred gives off about 60-85% of the original weight of the wood in volatiles (Foley 
1986). 
The carbon structure that is left after charring has electrostatic properties which favour 
binding of various chemicals. This suggests that charcoal could also be used to remove 
a range of toxic contaminants from environmental systems. By chemically binding 
contaminants to the charcoal surface, potentially toxic effects to the surrounding 
environment will be reduced. Initial attraction of chemicals is thought to be due to 
electrostatic properties combined with capillary action and reactive carboxylic, 
phosphate and sulphonate groups on the charcoal surface (Foley 1986; Ge et al. 2000; 
Naja et al. 2005). Other anions, ligands and cations have been studied to explain or 
improve metal adsorption onto activated carbons and bone charcoals. Active groups 
and compounds present on the charcoal's surface have a variety of effects on the 
adsorption characteristics of the materials used, but no clear mechanism that explains 
charcoal's adsorbent properties has been identified as yet (Foley 1986, Ge et al. 2000; 
Naja et al. 2005) 
Adsorption of organic compounds onto charcoal has been cited as being due to the basic 
carbon structure of charcoal (Radovic I999). However metal ions cannot be adsorbed 
using this mechanism (Radovic 1999). Research into organic materials. highlighted that 
23 
(' ltlj ltr l- IIItI )(hl(_ I1On 
several factors could be responsible for metal sorption onto charcoal. These include the 
presence of certain functional groups such as carboxyl, aldehyde, hydroxyl, suithydryl. 
phosphoryl and amine groups on the charcoal's surface (Radovic 1999; Sarret et al. 
1999; The Chamber of Mines SA 2007). In charcoals it is likely that few amine groups 
remain as these functional groups have a decomposition point below 200 T. Specific 
research into metal sorption onto charcoals has suggested that there is a strong 
relationship between adsorption and pt1, which is due to weakly acidic carboxyl groups 
(R-000I I) (pKa between 3-4.5). Other functional groups such as strongly acidic 
sulphonate groups, phosphate groups and amino groups are thought to he involved in 
metal adsorption onto charcoals although it has been suggested that these are less 
important than acidic carboxyl groups (Naja et al. 2005). The limited work undertaken 
on wood charcoals demonstrated that hardwoods have greater capacity to adsorb cations 
than charcoals obtained from coniferous soft woods ("l yron 1948). To date, no work 
has been completed to further examine the effect of a range of source materials on 
charcoal characteristics. 
Most research on metal binding charcoals concerns bone charcoal. Bone charcoal has 
been successful at binding several heavy metals. The structure of bone charcoal is 
predominantly made up of hydroxyapatite at around 70-75% (Wilson 2002). A single 
formula unit of hydroxyapatite contains 6 phosphate groups demonstrating the strong 
link between these groups and the metal binding capacity exhibited by hone charcoal. 
1.6.2 ACTIVATIONAND SURFACE AREA 
The ability of charred substances to bind metals has been examined in detail using 
activated carbon. Activated carbon has been used extensively in water filters for the 
removal of organic pollutants and poisons, air filters to remove odours, and in soil to 
remove pesticide toxicity (Liska 2000). The ability of activated carbon to adsorb and 
immobilise pollutants and toxicants has made it an excellent product for these 
applications. Activated carbons are usually produced from specific source materials 
(such as coconut shells, wood or bone) which are then activated through the action of an 
oxidising gas such as pressurised steam, high temperature air or washing with strong 
acids to enhance adsorption capacity. This creates a charcoal with many micropores 
(radius <I nm) and mesopores (radius I nm - 25 nm) yielding surface areas as high as 
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1000 m' g' charcoal. (CPL, Carbon Link 2002). The activation process incurs high 
production costs, making the resulting activated charcoal relatively expensive and 
application confined to high value specialised uses, such as removal of pesticide 
residues from drinking water. 
Particle size has been shown to have a significant effect on the adsorption processes (Ko 
ct al. 1999). Smaller particles have faster pore diffusion rates due to shorter diffusion 
paths as well as reduced diffusion resistance, although. importantly. maximum 
adsorption capacities are not necessarily affected. 
1.6.3 APPLICATIONS OF CHARCOAL TO CONTAMINATED LAND 
Native Indians of the Amazon basin used charcoal to improve soil fertility for thousands 
of years. Soils treated in the distant past with charcoal are known as `Terra preta' soils, 
which are black earth-like anthropogenic soils with enhanced fertility due to high levels 
of soil organic matter (SOM) and nutrients such as N, P and Ca (Glaser et at. 2002, 
Glaser et al. 2001). These soils are often more than 2000 years old and are still used by 
local farmers to produce high yielding crops. The explanation for the improved soil 
fertility in what are normally infertile soils has pointed towards the addition charcoal in 
the past. Research into the mechanisms by which Terra preta soils sustain high yielding 
crops has found that they have a significantly greater CEC than adjacent oxisols (the 
soil type found predominantly in tropical rain forest regions). It has been hypothesised 
that this increase in CEC of Terra preta soils is due to the addition of charcoal in the 
past. The beneficial effects of charcoal additions have been proven practically during 
experiments whereby charcoal was added to a variety of soil types resulting in 
significant yield increases for a variety of crops on in a variety of soil types (Glaser et al. 
2002). Further to this, charcoal made from rice husks has been used in Japan for seed 
bed preparation of rice and vegetable crops leading to increased plant biomass, rice 
yield and CEC of the soil. 
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1.7 AIMS AND OBJECTIVES 
The overall goals of this thesis are to determine the potential of low cost source 
materials for the production of charcoals for binding or transformation of heavy metals 
with the goal of remediation of land and water 
1.7.1 CHAPTER 3 
Aims to determine the effect of pl I and particle site on the metal sorption capacity of a 
range of wood charcoals and activated carbon, and also to see if low cost wood 
charcoals can compete with commercially available activated carbon in the binding of 
metal ions. 
1.7.2 CHAPTER 4 
Aims to examine the sorption capacity and elemental makeup of specific sections of 
sweet chestnut wood, to determine if growth rate is related to metal sorption capacity. 
1.7.3 CHAPTER 5 
Aims to determine if there is a correlation between sulphate content, phosphate content 
as well as buffering capacity against metal sorption capacity of charcoals made from 
novel source materials. Energy dispersive x-ray spectroscopy surface analysis is also 
utilised to determine which elements are responsible for metal sorption. 
1.7.4 CHAPTER 6 
Through elemental analysis of source material compared with charcoal before and after 
metal sorption, this chapter aims to determine if there are any correlations between 
certain elements and metal sorption, as well as identifying what ion exchange is 
occurring as metals bind. Further to this, correlations between charcoal ash content and 
metal sorption are investigated. Finally the effects of mixed metal sorption are explored 
to examine if metals bind in order of their chemical reactivity as well as seeing if metals 
can be displaced by more reactive ions. 
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1.7.5 CHAPTER 7 
"I'wo charcoals are amended to contaminated soil and a pot trial run. This chapter aims 
to test the ability of charcoal amendments to remediate metal contaminated soils. Toxic 
effects on microbes and plants are investigated as well as leaching studies and metal 
uptake by plants. 
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CHAPTER 2 
MATERIALS AND METHODS 
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2 MATERIALS AND METHODS 
2.1 METAL SOLUTION PREPARATION 
Metal solutions were prepared using hydrated salts of the relevant metal in either 
sulphate or nitrate form. Hydrated salts were not dried. For each metal a specific mass 
was weighed to make a stock solution, which was subsequently diluted as required. For 
example a 2000 mg Cu I. -l solution was prepared by dissolving 7.8639 g copper (II) 
sulphate in 1.0 1. water. The relative formula mass for copper (II) sulphate is 240.68 
and the relative atomic mass for Cu is 63.55. 
Therelore; 
2000 mg CuL-'= 
relative formula - 
muss' ('tl, S'O, (g) 
-ýx conce»lrution(g / 1) x volume(l) 
re/alive_atom)7ic_timass'_C ll(fir) 
249.68 
2000 mg CuL- ý= --x2xI=3.9289x2x1=7.8577g 63.55 
Thus, 7.8577 g of copper sulphate was weighed into a glass beaker on a four figure top 
pan balance before being dissolved in 1.0 L water using a 1000 cm3 volumetric flask for 
accuracy. 
To avoid contamination, all glassware was washed in Tetrox (29% NaOH) and rinsed 
with reverse-osmosis (RO) water before drying at 90 °C. RO water was used for 
making up solutions, unless specified (subsequently termed `water') 
2.2 PRODUCTIONAND PROCESSING OF 
CHARCOALS 
Plant materials used for charring were always harvested fresh before being dried at 80 
°C to a constant dry weight. Once dried, approximately 200 g of the material was 
wrapped in several layers of aluminium cooking foil to create oxygen starved conditions 
during the charring process. Once wrapped, the package was placed into a cold muffle 
furnace. To get even charring and avoid gasses combusting, the oven temperature was 
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increased stepwise to 150 °C. 250 °C, 350 °C to a maximum of 450 °C. The oven 
temperature was held at each temperature for approximately 60 minutes or until 
smoking had stopped. Once charring was complete the package was removed from the 
furnace and allowed to cool in a Bone hood. 
For experimental purposes the thus produced charcoal was ground and sieved to the 
required mesh size. For small mesh sizes charcoals were ground in a pestle and mortar 
before being sieved. After preparation each charcoal was stored at room temperature in 
an airtight container. 
2.3 STANDARD METAL SORPTION EXPERIMENT 
Standard sorption experiments to assess the quantity of metal ions bound by a specific 
charcoal type, involved treating 0.5 g charcoal of <0.5mm mesh size with 250 cm3 
metal-salt solution held in a 250 cm3 glass conical flask. Sorption experiments were 
carried out in triplicate. Blank samples were set up with water in place of the metal 
solution. to estimate the amount of metals already present in the charcoal which were 
subtracted From values obtained from other samples to determine the net sorption value 
for the charcoal tested. Because the charcoal itself was directly analysed for metal 
content, it was not necessary to run a second blank to determine metal sorption onto 
glassware. Flasks were shaken at 20 °C and 180 rpm on a flat bed shaker for 48 hours 
to achieve maximum metal sorption onto the charcoal. After sorption, the suspension 
was vacuum filtered using a Whatmans No. 2 filter paper (50 mm). To remove non- 
bound metals from the recovered charcoal, each 0.5 g charcoal sample was rinsed with 
250 cm3 water. The thus rinsed charcoal was then dried at 80 °C for 4 hours, weighed, 
ashed and acid digested to release the metals into solution. Charcoal digests were 
analysed by flame atomic absorption spectroscopy (FAAS), after dilution to bring the 
concentration of the samples into line with the non-linear or linear range for that 
element on the FAAS. 
2.4 CHARCOAL AND ORGANIC MA TTER DIGESTION 
2.4.1 ASHINGAND NITRICACID DIGEST FOR NON-VOLATILE METALS 
Before metal analysis using FAAS, each sample was transferred to a china crucible and 
ashed in a muffle furnace at a max temperature of 550 °C for 18 hours. Subsequently. 5 
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C111' concentrated nitric acid (70% by volume) was added and the mixture which was 
stirred with a plastic policeman to ensure complete dissolution. Digested samples were 
made up to 50 cm3 and filtered through 0.45 pm cartridge membrane filters before being 
analysed using FAAS. 
2.4.2 LOW TEMPERATURE REFLUX ACID DIGESTION FOR VOLATILE 
METALS 
Due to the low melting point ofAs and Hg, dry aching of samples cannot be used as this 
would lead to excessive losses in recovery (Rodushkin et al. 1999). Instead a low 
temperature acid digestion method was used as described by Rodushkin et al (1999). A 
2.0 g sample of material was placed into a china crucible to which 10 cm' concentrated 
nitric acid (70% by volume) was added, the crucible was then covered with a watch 
glass. This was left to soak for 30 minutes, after which the crucible was heated on a hot 
plate up to 120 °C and refluxed for 2 hours. Following this the crucible was removed 
from the heat and allowed to cool. The sample was diluted to 100 cm3 in a volumetric 
flask, 25 cm' ofthis sample was filtered through a 0.45ýun cartridge membrane filter 
and analysed using cold vapour atomic absorption spectroscopy (CVAAS) or atomic 
absorption hydride generation spectroscopy (AAHGS). 
2.5 STANDARD pH DESORPTION EXPERIMENTS 
To determine the effect of pH on bound metal onto different charcoals, metal treated 
charcoals were exposed to acidic solutions to allow metal de-sorption to occur. 
For this purpose, a standard metal sorption experiment was set up using the 
methodology described in 2.3, except that metal treated charcoals were not ashed or 
digested. Instead the dried samples were transferred into 250 cm3 conical flasks. Water 
solutions with a specific pi I value were made up using concentrated nitric acid. Each 
0.5 g metal treated charcoal was re-suspended in 250 cm3 acid treated water and 
desorption was compared with desorption in water with pH 7. To obtain maximum 
desorption, flasks were shaken (180 rpm) at 20 °C on a flat bed shaker for 48 hours. 
The flasks were removed and the pH was retested after which the charcoal suspension 
was filtered using suction through Whatmans No. 2 filter paper (50 mm). To remove 
any non-sorbed metals adhering to the charcoal, each charcoal sample was rinsed v, ith 
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250 cm3 water. The charcoal was then dried at 80 °C for 4 hours, weighed and acid 
digested using the methodology described in 2.4.1. Digested solutions were analysed 
by FAAS using the methodology described in 2.8.1. Values obtained were used to 
calculate the amount of metal de-sorbed per kg of charcoal at the final pH. 
2.6 STANDARD SORPTION ISOTHERM EXPERIMENT 
To obtain a sorption isotherm, standard metal sorption experiments were setup as 
described in section 2.3 using 0.5 ýg charcoal of < 0.5 mm diameter suspended in 250 
cm metal solution held in 250 cm' glass conical flasks. Experiments were setup with a 
series of metal solutions with concentrations ranging from 0- 2000 mg metal L-I. 
Control treatment consisted of RO water to account for metals already present in the 
charcoal. A second batch of control treatments was setup for each metal concentration 
in which the charcoal was excluded, to determine metal sorption onto glassware. The 
concentrations found in the control treatments were subtracted from the metal 
concentrations determined in treatments where charcoals were exposed to different 
metal concentrations. After shaking at 20 °C and 180 rpm on a flat bed shaker for 48 
hours the flasks were removed and immediately filtered through a Whatman No. 2 filter 
paper (50 mm). The resulting filtrate was collected and tested for metal concentration 
by FAAS using the methodology described in 2.8.1. 
2.7 SINGLE BA TCH SOIL LEACHING TEST 
The release of metal ions into the water phase of soil is regarded as the main mechanism 
by which metals can reach potential receptors such as plants or ground water. Single 
batch soil leaching tests are a simplified method designed to identify some of the 
leaching properties of metals within soils. In brief; a single batch leaching test is when 
a fixed amount of material is exposed to a fixed amount of leachant, normally by 
shaking the material in the leachant for a set period of time. 
Leaching tests were run using the British Standard Method "Characterisation of waste - 
Leaching - Compliance test for leaching ot'granular waste materials and sludges" (BS 
F. N 12457-2: 2002). In detail, 20 g soil (dry weight) was placed into a 250 cm3 conical 
flask. To each flask 200 cm' water that had been left exposed to air overnight to allow 
CO, to dissolve was added and the flask was sealed with a rubber bungs. Flasks were 
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shaken at 180 rpm on a flat bed shaker at 20 °C for 24 hours ± 0.5 hours. After shaking 
samples were allowed to settle for 20 minutes after which the elute was drawn off and 
suction filtered through Whatman No. 1 filter paper. The filtrate was then analysed for 
pII (using the methodology described in section 2.19) and a range of dissolved elements 
were quantified using inductively coupled plasma optical emission spectroscopy (ICP- 
OES) using the methodology described in section 2.12. 
2.8 MEASUREMENT OF METAL CONCENTRATION 
BY FLAME A TOMIC ABSORPTION 
SPECTROSCOPY 
Where possible metal concentrations in solutions or in charcoal were determined by 
Flame Atomic Adsorption Spectroscopy (FAAS), on a Perkin [Imer Aanalysist 400. 
FAAS uses quantisation of energy theory to accurately determine atomic concentrations 
in liquid samples. FAAS relies on the ability to atomise the metal. This is achieved 
through vaporisation followed by volatilisation in a high temperature flame. Upon 
atomisation the atoms of the metal are reduced to free, unexcited ground state atoms, 
which can absorb energy at a specific wavelength depending on the metal. A hollow 
cathode lamp is used to direct energy at an exact wavelength. Inside the lamp is a metal 
cathode made from the element to be quantified and an anode. High voltage is passed 
across the anode and cathode exciting the metal atoms in the cathode causing a release 
of energy with a certain wavelength. Electrons of atoms within the flame can absorb the 
energy released by the lamp and use it to be promoted to higher energy states. If the 
wavelength of the energy released by the lamp corresponds to the quantum energy 
required to excite an electron in the flame, photon absorption will occur and the quantity 
of energy leaving the Flame will be less, this can be determined according to the Beer- 
Lambert-Bouguer law. Thus by detecting the quantity of energy passing through the 
flame it is possible to calculate how many electron transitions are occurring. Through 
the use of accurate standards it is possible to convert this value to a specific 
concentration of the element being determined. 
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2.8.1 STANDARD FAASMETHODOLOGY 
For the measurement of Cu, Zn, Pb, Cr and Fe concentrations by FAAS, similar 
temperatures and flame conditions were used. Lamp current and slit sizes were adjusted 
to the values specified by the cathode ray lamp manufacturer's recommendations. 
Table 2.1 shows the wavelength, lamp current and linear range for each metal analysed. 
As and I Ig were analysed using AAI IGS and CVAAS which are described below. 
Before analysis all samples were passed through a 0.45 µm cartridge membrane filter to 
remove any particles that could block the sampling tube of the l=AAS. 
TABLI 2.1 STANDARD CONDITIONS EMPLOYED FOR DIFFERENT METAL ANALYSES 
BY ATOMIC ABSORPTION SPECTROSCOPY 
Element I Wavelength Lamp Current Top Standard 
(nm) (mA) (mg I-' 
Cr 357.9 12 5 
Cu 324.7 10 5 
Fe 248.3 30 5 
Pb 283.3 15 5 
Zn 213.9 15 5 
As 193.7 15 
Hg 253.7 15 
2.9 MEASUREMENT OF ARSENIC 
CONCENTRA TIONS USING A TOMIC 
ABSORPTION HYDRIDE GENERATION 
SPECTROSCOPY (AAHGS) 
The sensitivity of measurement of As by traditional FAAS is poor due to difficulties in 
atomising the element, thus analysis of As concentration was performed using an 
alternative atomic absorption method based on hydride generation. 
In its hydride form As is highly volatile and can be more efficiently oxidized to its 
atomic foram so that absorption can be determined. Initially the metal solution is treated 
with hydrochloric acid and then sodium borohydride, which converts the As in a two 
stage reaction to the volatile hydride form. The acid oxidizes the As in the sample to its 
ionic form, which is then reduced by borohydride to form As hydride. The As hydride 
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is then heated to thermally decompose the As hydride producing As which is 
determined by absorption. 
I'he following equations show the reaction that occurs. 
2As3 +6BFf, 2Asfl, +3ß, H 
2JI. s11, ->2 is+3ll, 
2.9.1 STANDARD ARSENICATOMICABSORPTIONHYDRIDE GENERA TION 
SPECTROSCOPY (AAHGS) METHODOLOGY 
Arsenic was determined using a Thermo SP9 Atomic Absorption analyser with a Perkin 
Elmer MFIS 10 hydride system. Before analysis all samples were passed through a 0.45 
pm cartridge membrane filter to remove any particles that could block the sampling 
tube of the AAHGS. A 1.0 cm' aliquot of the sample was then added to 10.0 cm3 
hydrochloric acid (to ionise the As). A stream of borohydride was then pumped into the 
sample and the thus liberated gaseous metal hydrides were passed through a quartz 
absorption cell heated by an air/acetylene flame. Absorption was determined at 193.7 
nºn. 
2.10 MEASUREMENT OF MERCURY 
CONCENTRA TIONS USING COLD VAPOUR 
ATOMIC ABSORPTION SPECTROSCOPY (CVAAS) 
The sensitivity of measurement of Hg by traditional FAAS is poor due to difficulties in 
atomising the element, thus analysis of Hg concentration was performed using an 
alternative atomic absorption method utilising Hg stability at room temperature. 
Free Fig atoms can exist and be analysed by atomic absorption at room temperature 
using a method called cold vapour atomic absorption spectroscopy (CVAAS). Hg in 
the sample is initially ionised using strong acid. These ions are then reduced producing 
ground state I Ig. I Ig vapour is then passed through the absorption cell with no 
requirement for heating. 
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2.10.1 STANDARD MERCURY COLD VAPOUR A TOMIC ABSORPTION 
SPECTROSCOPY (CVAAS) METHODOLOGY 
Mercury was determined using a Thermo SP9 Atomic Absorption analyser with a 
Perkin Elmer MI IS 10 mercury system. Before analysis alI samples were passed 
through a 0.45 [Lm cartridge membrane filter to remove any particles that could block 
the sampling tube ofthe CVAAS. A 1.0 cm; aliquot of'the sample was added to a 
mixture of sulphuric acid, potassium permanganate and potassium persulphate. A 
stream of tin chloride (SnCI2) was then pumped into the sample and thus the liberated 
gaseous Hg vapour was passed through a quartz absorption cell. Absorption was 
determined at 253.7 nm. 
2.11 MEASUREMENT OF METAL CONCENTRA TION 
BY FIELD PORTABLE X-RA Y FLUORESCENCE 
(FPXR F) 
X-ray fluorescence (XRF) is based on the fact that atoms can be raised to an excited 
state by bombardment with photons of sufficient energy to displace an electron leading 
to atomic instability. This instability is short-lived as other electrons replace the vacancy 
left by the expelled electron. When this occurs electrons move between energy shells 
releasing characteristic radiation with unique wavelengths and energies. The released 
radiation can be determined, and the elemental composition of the metal can be 
determined. Quantification of a given metal concentration is based of the number of 
"hits" for each given energy. Field portable x-ray fluorescence (FPXRF) is a hand-held 
portable instrument based on these principles that allows rapid analysis of many 
inorganic elements. 
2.11.1 FPXRF METHODOLOGY 
Charcoal samples were directly analysed for metal sorption by a FPXRF , (Niton UK, 
Hampshire; Model XLt). For analysis. charcoal samples were placed into ten 
millimetre sample cups (Niton UK, Hampshire). Polyester filling (Niton UK, 
Hampshire) was used to fill the rest of the cup and the samples were sealed using 
sealing film (Niton UK, Hampshire). This is the standard method described by the 
United States Fnvironmcntal Protection Agency for the use of XRF to determine 
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elemental concentrations of metals in soils and sediments (Sackett et al., 1998). The 
analyser was set for 300 seconds analysing time for each sample. Due to the lack of 
research into the accuracy of FPXRF measurements initial results were compared with 
analysis by ICP OILS using methodology 2.12 (Kilbride et al. 2006). It was found that 
the FPXRF was consistent with ICP OES analysis up to concentrations 01 '20 000 mg 
metal kg-1. Therefore, FAAS and ICP-OFS were used preferentially where possible. 
Niton supplied standard reference samples based on low level (<100 nag kg-I) and high 
level (-10 000 mg kg- I) metals as well as a Si02 based blank. to ensure correct 
operation ofthe device. 
2.12 MEASUREMENT OF METAL AND CATION 
CONCENTRA TION BY IND UCTI VEL Y COUPLED 
PLASMA - OPTICAL EMISSION SPECTROSCOPY 
(ICP-OES) 
ICP-OES is a fast multi-element technique with a dynamic linear range and moderate- 
low detection limits for a wide range of elements (--0.2-100 i. tg kg-'). The instrument 
uses an Ion Induced Plasma source to dissociate the elements to be determined into their 
constituent atoms or ions, exciting them to a level where they emit light of a 
characteristic wavelength. A detector is then used to measure the intensity of the 
emitted light and calculate the concentration of the element in the sample. Up to 60 
elements can be quantified per sample run within less than one minute as well as having 
less chemical interference than with FAAS. Samples were analysed for K, Mg, Ca, P, 
Al, Mn, Fe, Na, B Cu, Zn, Ba, Cd, Cr, Co, Ni, and Pb using ICP-OES. 
ICP-OES was used for samples that required multi elemental analysis. Solid samples 
were digested using aqua-regia as described in section 2.12.1. Before analysis each 
sample was passed through a 0.45 Jim cartridge membrane filter to remove any 
particulate matter that could block the analyser. 
2.12.1 ICP-OES AQUA-REGIA DIGEST 
Before an elemental analysis of a solid sample using ICP-OES, each sample was 
accurately weighed into a 15 cm; quartz tube and stored in a heat proof rack. 
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Methods 
Subsequently, samples were ashed at 460 °C for 18 hours. After cooling, 0.75 cin` 
concentrated nitric acid (70% by volume) followed by addition of 2.25 crn' 
concentrated hydrochloric acid (37% by volume) were added to each sample and left for 
12 hours at 20 °C. 
Subsequently the tubes were heated for I hour at 50 "C, followed by heating to 70 and 
90 °C, heating at each of these temperatures continued till no more yellow nitrous oxide 
was emitted. Finally, the sample was heated at 110 "C for a further 2 hours. After 
cooling, 0.40 cm' 11,0, was added and samples were heated for a further 30 minutes at 
1 10 T. This process was repeated before each samples was made up to 15 cm' with 
water and stored for analysis. 
2.13 ESTIMATION OF CHARCOAL SURFACE AREA 
Charcoal surface area was measured using a Micromeritics Gemini 2380 surface area 
analyser, on charcoal samples at <0.5 mm mesh size. Samples were outgassed at 200 
°C overnight and nitrogen BET isotherms were recorded at -196.15 T. Results were 
2 
presented in m. 
2.14 ANALYSIS OF CHARCOALS USING SCANNING 
ELECTRON MICROSCOPY (SEM) 
Scanning electron micrographs were taken using a Quanta 400 FEG scanning electron 
microscope. Charcoal samples were not treated or coated in any way except for the 
removal of loose particles using a CO-, blower. 
2.15 ANALYSIS OF CHARCOALS USING ENERGY 
DISPERSIVE X-RA Y (EDX) SPECTROSCOPY 
Energy Dispersive X-ray (EDX) spectroscopy can be used to identify the elemental 
composition of or small area of interest in a sample. During EDX, the sample is exposed 
to an electron beam inside a SEM. Electrons in the beam collide with the electrons 
within the sample. causing them to be knocked out of their orbits. The vacated positions 
are filled by higher energy electrons resulting in the emission of X-rays. In the detector 
the X-rays create a current which is amplified and determined. Every element has a 
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characteristic peak position corresponding to the possible transitions in its electron 
shells. By analysing the emitted X-rays, the elemental composition of the sample can 
be determined. 
2.15.1 EDX METHODOLOGY 
Samples for analysis by EDX were very finely ground in a pestle and mortar. For 
analysis the powered samples were sprinkled directly onto sample holders. Analysis 
was undertaken using aI litachi s-3200N SEM with a Oxford Instruments Si(Li) [DX 
detector. Oxford Instruments INCA 4.04 software was used to process the SI: M and 
EDX data. All samples were analysed at a working distance of I5.0mm and at an 
accelerating voltage of I5kV. Cr and Ni standards were used for calibration as well as a 
virtual calibration which was run during every analysis by the INCA software. 
2.16 MEASUREMENT OF CO2 USING INFRA RED GAS 
ANAL YSER 
For measuring microbial respiration CO2 evolution was determined using an ADC 225 
Mk3 CO-, analyser. The analyser uses an infrared (IR) light source and directs its 
energy through two tubes; one filled with reference gas and one with sample gas. The 
IR light is at a wavelength that is absorbed by CO2 molecules. Reference gas is drawn 
in from the air and passed through an adsorbent column filled with soda lime, which 
removes all CO2 giving an accurate zero reading. Subsequently, sample gas is passed 
into the second (analysis) tube. The sample gas absorbs the IR light proportionally to 
the concentration of CO2 present. A detector at the end of the gas tubes houses two 
cells filled with CO2 which, when heated by the IR energy, result in an increase in 
pressure. Connecting the two cells is a highly sensitive diaphragm. The diaphragm is 
able to measure the differential pressure between the two cells and thus the difference in 
CO2 concentrations between the two gases. Movement of the diaphragm changes the 
electrical capacity in the sensor unit, which is amplified to give a CO2 reading. 
2.16.1 MEASUREMENT OF CO2 PRODUCTION IN SOIL 
In a sealed unit, aerobic microbial respiration will result in an increase of the CO-, 
concentration. This process can be written as a simplified equation for aerobic 
respiration. 
Glucose + Oxygen = Carbon Dioxide + Water + Energy 
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CO2 is also produced during fermentation and anaerobic respiration but these processes 
will be limited in an aerated environment. Thus CO concentration can be an indication 
of microbial activity. To accurately measure microbial activity in soil. 200 g soil 
samples were stored in 250 em' glass conical flasks and stoppered with a foam bung to 
allow air to circulate without excessive loss of moisture. Flasks were incubated at 20 °C. 
After initial setup, flasks were left for 24 hours to stabilise after which time they were 
periodically analysed for CO, production using an ADC 225 Mk3 CO-2 analyser (ADC, 
place). Measurement of CO, production was achieved by replacing the loam bung with 
a rubber bun(into which a sampling tube sealed with a rubber septum was placed. To 
allow sufficient CO-) to accumulate in the flasks they were left for approximately 60 
minutes before the head space of the flask was extracted using a syringe. The extracted 
gas was injected into the CO2 analyser. Dilutions were made where necessary with N, 
to bring the concentration of the samples into line with the measurement range of the 
analyser. A sample of ambient air was used as a control. After measurement, the 
rubber hung was removed and the headspace flushed with fresh air using the air pump 
on the analyser. The foam bung was then replaced and the flask returned to the 
incubator. CO2 concentration in the sample was converted to CO2 production hour-' g-1 
using the following equation: 
Sample Concentration (ppm) - Air Concentration (ppm) CO, production hour g- I= Incubation Time (mins) x Sample Weight (g) 
2.17 MEASUREMENT OF COLONY FORMING 
BACTERIA IN SOIL 
Bacterial counts were made on I% tryptone soya agar (1 % TSA). I% TSA was made 
up using 0.3 g tryptone soya broth (TSB) and 12 g agar. I% TSA was made in 500 cm 
batches and autoclaved at 12 I °C for 15 minutes. Subsequently the 1% TSA was 
dispensed into 9 cm diameter sterile Petri dishes. The plates were allowed to set and 
stored for up to 4 weeks at 4 °C before use. To check sterility of a batch after storage, 
two uninoculated plates were incubated at 25 °C for 2 days. 
To determine the number of colony forming bacteria in soil, a 1.0 g sample of soil (wet 
weight) was agitated in 9.0 cm' sterile '/4 strength Ringer's solution using a Whirly 
mixer (Eisions Scientific, Loughborough). The soil suspension was allowed to settle for 
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60 seconds before a 10 fold dilution series of this suspension was made in 9.0 cºn3 1/4 
strength Ringer's solution. '/4 strength Ringer's solution is used to reduce osmotic stress 
within bacterial cells. Selected dilutions were then spread plated onto I% TSA plates 
by pipetting 0.1 cm3 of the different dilutions onto the agar surface and spreading this 
with a sterile spreader over the entire surface area. Plates were incubated at 25 °C for 
48 hours after which time counts were made. Plates containing between 20 and 100 
colonies were used to calculate the number of colony forming bacteria per g of soil (wet 
weight). 
2.18 MEASUREMENT OF PHOSPHATE 
Using a spectrophotometer, phosphate concentration in solution can be quantified by 
measuring the concentration of a blue complex formed when phosphate reacts with 
ammonium molybdate under acidic conditions 
110--+12(NH,, ), MoO, +2411+-+(N1-14)z POI. I2MoO +2IN/Iä +I2H, O 
The molybdenum in the ammonium phosphornolybdate is reduced by ascorbic acid to 
produce molybdenum blue, a blue-coloured compound which adsorbs light at 880 nm 
To determine PO-4 in charcoal, samples were treated with 5 cm; 20% w/v magnesium 
acetate solution which was added to 0.5 g charcoal in a crucible and evaporated to 
dryness. Subsequently, samples were ashed at 650 °C for 8 hours. After which the 
ashed samples were digested in 5 cm' concentrated nitric acid (70% by volume). 
During this process the crucibles were covered and heated for 15 minutes in a steam 
bath. A further 5 cni 3 concentrated nitric acid was added to each sample after which 
samples were evaporated to dryness before heating at 100 °C for one hour. Finally 0.5 
cm3 concentrated nitric acid and 5 cm' distilled water were added to dissolve the 
remaining residue. Each sample was made up to 25 cm3 with water. Solutions were 
passed through a 0.45 [Lm cartridge membrane filter to remove any particulate matter 
that could interfere with the analyses. 
2.18.1 PREPARATION OF REACTION MIXTURE 
To be able to measure P04 content of a sample, a reaction mixture was made up 
containing 100 cm' 14% v/v sulphuric acid solution, 10 cm3 0.27% w/v potassium 
3 antimony tartrate solution, 30 cm' 4% w/v ammonium molydbate solution and 60 cm 
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1.76% w/v ascorbic acid solution. The volume of this mixture was adjusted to 250 cm; 
using a volumetric flask. After the addition of each solution, the content of the flask 
was mixed and allowed to cool to room temperature. The final solution was used within 
4 how's. Standard stock phosphate solution at IO Mg PO43- L-1 was made from 
anhydrous potassium dihydrogen phosphate. 
2.18.2 MEASURING PHOSPHATE CONTENT 
Samples were analysed by adding I .0 cm' of reaction mixture to 
5.0 cm sample 
mixture. A blank was prepared by adding 1.0 cm' reaction mixture to 5.0 cm' water. 
Standards were prepared using the standard stock P04 solution at concentrations 
between 0. I mg P043- L-1 and 1.2 mg P04 3- L-1. I. 0 cm; of reaction mixture was added 
to 5 cm; of each standard. Samples were thoroughly mixed and allowed to stand for at 
least 10 minutes but not more than 30 minutes. The blank solution was used in the 
reference cell of the spectrophotometer in place of the customary water. Each solution 
was tested for absorbance at 880 nm in aI cm quartz cell. A calibration curve was 
plotted of absorbance against mg POº L'. Concentrations of P043- were then 
calculated using the standard curve. 
2.19 MEASUREMENT OFpH 
pH was determined using a Hanna pl-I 210 meter (Hanna Instruments, Leighton 
Buzzard), calibrated using pl-I 7.01 and pH 4.01 solutions provided by the manufacturer. 
Before each measurement the suspension or solution was swirling gently. pH readings 
were taken approximately 30 seconds after reaching a stable equilibrium. Between 
measurements the electrode was washed with water, and when not in use it was stored 
in a solution of 0.1 M KCI. Soil pH was determined by mixing 1.0 g soil with 9.0 cm3 
water and swirled gently for 1 minute before measurement. 
2.20 ESTIMATING pH BUFFERING CAPACITY 
Charcoal's ability to buffer a volume of water was used as a basic measure of cation 
exchange capacity (CEC) as used by Ferro-Garcia (1988). A charcoals buffering 
capacity has been shown to relate to its metal sorption capacity (Ferro-Garcia et al. 
1988). Charcoal buffering capacity was thus determined by weighing 1.0 g charcoal 
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into 100 cm3 water and shaking at 180 rpm for 48 hours. Subsequently the solution pH 
was determined using the method described in section 2.19. 
2.21 COLUMN EXPERIMENTS 
A 10 gram sample of charcoal was packed into a 5.0 cm diameter column. The base of 
the column was packed with glass wool to prevent any charcoal passing through. 
Charcoal was soaked in RO water and agitated using a whirly mixer for _S minutes 
(Fisions Scientific, Loughborough). The column was flushed with 1,0 L of water to 
remove any particulates. Subsequently a Cu solution at 1000 mg L; 
I was passed 
through the column at a flow rate of 10 cm3 minute-1. Samples of column filtrate were 
taken every 5 minutes for the first 50 minutes and then every 50 minutes thereafter. 
Filtrate solutions were analysed by ICP-OES for Cu and other detectable ions. 
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3 SORPTION CAPACITY OF NON ACTIVATED WOOD 
CHARCOALS 
3.1 INTRODUCTION 
Charcoal has a long history of being used for its adsorbent properties. The ability of 
charred substances to bind metals has been examined at length using activated carbon 
(Issabayeva et al. 2006; Kobya et al. 2005; lima et at. 2005. Monser ct al. 2002, Ramos 
et al. 2002; Wilson et at. 2006; hang et at. 2005). The ability of activated carbon to 
adsorb and immobilise pollutants and toxicants has been used extensively in water 
filters for the effective removal of organic pollutants and toxicants. in air filters to 
remove odours, and in soil to prevent pesticide toxicity (Liska 2000). Activated carbons 
are usually produced from specific source materials (such as coconut shells, wood or 
bone) which are then activated through the action of an oxidising gas such as 
pressurised steam, high temperature air or washing with strong acids to enhance 
adsorption capacity (CPL Carbon Link 2002; Mohan et al. 2006: Monser et at. 2002; 
Radovic 1999; Wilson et al. 2006; Zhang et at. 2005). This creates a charcoal with 
many micropores (radius <I nm) and mesopores (radius I nm - 25 nm) yielding 
surface areas as high as 1000 m2 g-1 charcoal. (CPL Carbon Link 2002). The activation 
processes incurs high production costs, even modern low cost methods costs as much as 
$580 ton-I (Conti et al. 2002). 
Particle size has been shown to have a significant effect on adsorption processes (Ko et 
al. 1999). Smaller particles have faster pore diffusion rates due to shorter diffusion 
paths as well as reduced diffusion resistance, although importantly, maximum 
adsorption capacities are not necessarily affected. 
Adsorption of metal ions to charcoal is due to several interactions between the metal 
ions and the charcoal surface. The strong relationship between adsorption and pH has 
been used to suggest that metal binding is related to weakly acidic carboxyl groups (R- 
000II) (pKa between 3.0 - 4.5). Other functional groups such as strongly acidic 
sulphate groups, phosphate groups and amino groups are also thought to be involved in 
metal adsorption although it is suggested that these are less important than acidic 
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carboxyl groups (Naja et at. 2005). Ion binding capacity and CEC of different charcoal 
types seems to be dependent on the source material of the charcoal. The limited work 
undertaken on wood charcoals demonstrated that hardwoods have greater capacity to 
adsorb cations than charcoals obtained from coniferous sott woods ("Myron 1948). To 
date, no work has been completed to further examine the characteristics of non- 
activated charcoals derived from different tree species. 
It was hypothesised that the metal sorption capacity of charcoal derived from difterent 
wood types might simply be related to the total (external and internal) surface area of 
the charcoal. This would mean that charcoals produced from woods with a high density 
and small pores would have a greater adsorbent surface area than these that have a low 
density and consist mainly of larger pores. Charcoal densities can vary considerably, 
with charcoal produced from some oak species being around 450-650 kg m- while a 
variety of pines have a density of 200-250 kg m-3 (Foley 1986). 
3.2 AIMS 
In this chapter the properties of charcoals produced from a variety of woods and 
commercially available activated carbon are characterised and related to their ability to 
adsorb heavy metals, to determine if non-activated low cost charcoals are suitable for 
metal stabilisation in contaminated soil or can be used as a filter material for the 
removal of metal ions from water. 
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3.3 MATERIALS AND METHODS 
3.3.1 EFFECT OF WOOD SOURCE ON METAL SORPTION CAPACITY 
In order to estimate how effective different charcoal types were in terms of sorption of 
heavy metals, charcoal was produced using local woods from the South of England. 
Stems or branches with a diameter of 3-4 cm were selected for charring. These were cut 
into 30 cm pieces and charred using the methodology described in 2.2. Wood used 
came from sweet chestnut (C ostnne(i saliva), poplar (Po1wlir. s" trichohe/) and Scots pine 
(Pinrr. ti' sih'estri. s') trees. The choice of' wood types was determined by their potential 
availability for large-scale use (both sweet chestnut and poplar are grown as short 
rotation coppice while pine is grown for timber production) and to contrast a soft wood 
(pine) with two types of hard wood (sweet chestnut and poplar). Branches from three 
separate trees of each species were harvested to obtain three separate charcoal samples 
A, E3 and C for each wood type providing independent replication. Activated carbon 
was used as a positive control which has been commonly used in previous research 
(Monser et al. 2002, Ramos et al. 2002). Samples were charred, treated with Cu and Zn 
and filtered out using Whatnman No. 2 filter papers, charcoal samples were analysed by 
FPXRF using the methodology described in 2.11.1. In brief, samples were dried at 80 
°C then charred at 450 °C and ground to <0.5 mm in size. Metal sorption was 
determined in triplicate by treating 0.5 g of each charcoal with 250 cm 3 of 250 mg L-' 
Cu solution made from CuSO4 salt for 48 hours at 20 °C and shaking at 180 rpm. 
Samples were subsequently washed in 250 cm3 RO water, dried at 80 °C and analysed 
using FPXRF to determine their Cu and Zn content. 
3.3.2 EFFECT OF PH ON METAL SORPTION CAPACITY 
The adsorption of cationic metals to soil particles increases with pl-l, due to surface 
charge availability. At low pHs metals form hydrated complexes that are highly soluble 
(Dunnivant et at. 2006). To evaluate the effect of pH on metal sorption, an experiment 
consisting of four charcoal types (pine, sweet chestnut, poplar and activated carbon), 
three pll values (3,5 and 7) and two metals (Cu and Zn) were setup. Each treatment 
was replicated three times. In the first instance each charcoal type was allowed to 
adsorb metals using the methodologies described in 2.1,2.2 and 2.3 by placing each 
individual 0.5 g sample of charcoal in 250 cm metal solution containing 250 mg Zn24 
or Cue' 1. -'. The thus treated charcoal which had adsorbed either Cu or %n was used to 
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determine the effect of pH on metal desorption. Charcoal samples with bound metals 
were suspended in 250 cm3 distilled water that was adjusted to a p1-I of 3.0,5.0 or 7.0 by 
using NaOH or 1-ICI. For each charcoal type and pi I value, 0.5 g charcoal was used. 
Each sample was held in a 250 cm' conical flask. Each treatment was replicated three 
times. After the samples were shaken at 180 rpm for 48 hours at 20 "C, the charcoal 
was filtered out using Whatman No. 2 filter paper and dried at 60 °C for 24 hours. Metal 
concentration in the charcoal was determined by FPXRF Lising the methodology 
described in section 2.11 . 
1. 
The experiment was repeated as described above except using pH values of 3.0,3.5,4.0, 
4.5 and 5.0 to provide better resolution to more accurately observe at which pH values 
desorption is occuring. [ach 0.5 g sample was replicated three times. Samples were 
initially soaked in 250 cm3 metal solution containing 250 mg Cue} and shaken for 24 
hours at 100 rpm. Subsequently the charcoal samples were soaked in 250 ei-n3 distilled 
water at different ph values and shaken for another 24 hours. Analysis was again by 
FPXRF. 
3.3.3 EFFECT OF PARTICLE SIZE ON SORPTION. 
To determine if the experimental charcoal has a continuous pore structure with little or 
no enclosed pores, charcoal particles of different sizes were used to assess metal 
sorption. Assuming that both internal and external surfaces are available for sorption, 
metal sorption will be independent of the surface to volume ratio of a particle. 
Alternatively if a charcoal particle has internal pores that are not available for sorption 
there will be a correlation between surface to volume ratio and metal sorption; smaller 
particles having a larger surface to volume ratio thus a greater sorption capacity to metal 
ions. This assumes that there is no difference in the surface area of the particles. 
To determine the effect of particle size of charcoal on metal sorption, three separate 
sweet chestnut hatches were ground and separated into three different classes. The 
particles were classified as large (1 to 3 cm), medium (2 to 10 mm) and small (0.05 to 2 
min). These class sizes ensured that extra surface area created by breakage of the pore 
walls would be insignificant compared to the total surface area created by the inner pore 
walls. From each class size three separate 0.5 g samples were taken and each sample 
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was suspended in 250 cm3 distilled water containing 250 mg lý 1 Cup`. Flasks were 
shaken at 100 rpm for 72 hours to ensure that there was sufficient time for the metals to 
reach the inside of the larger charcoal particles. Metal sorption onto the charcoal was 
determined by FPXRF alter filtering and drying the samples. 
3.3.4 ANALYSIS OF CHARCOAL PHYSICAL STRUCTURE 
3.3.4.1 Electron Micrographs 
Fach charcoal type was examined under a St. M to study its structure and porosity using 
the methodology described in section 2.14. Micrographs were observed for pore 
density and pore size as well as prevalence of interconnecting pores and other structural 
variations. 
3.3.4.2 Charcoal Surface Area 
Denser charcoals are likely to have smaller pores and/or thicker carbonaceous walls. 
Nitrogen BET (Brunauer, Emmett and Teller) Surface area was estimated using the 
methodology described in 2.13. 
3.3.5 STATISTICAL ANALYSES 
All data used for comparison of means in this chapter demonstrated Gaussian 
distributions, therefore differences between means were analysed using paired or non- 
paired students t-test. Linear correlations were determined using Pearson's rank test on 
data with Gaussian distribution and Spearman's rank test on non Gaussian data. These 
tests were carried out using GraphPad InStat version 3 (GraphPad Software, 2005). 
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3.4 RESULTS 
3.4.1 EFFECT OF WOOD SOURCE ON COPPER AND ZINC BINDING. 
Copper sorption was significantly greater than that of zinc for all charcoal types (paired 
t-test, P <0.01). This corresponds with previous literature regarding adsorption of metal 
ions onto charcoals as well as the general stability sequence of metal complexes (the 
Irving-Williams series) (Monser et al. 2002; Mulligan et al. 2001). Average sorption of 
Cu and Zn by Poplar charcoal was 16000 mg Cu kg"' and 9500 mg Zn kg-1. This was 
significantly more than the sorption by sweet chestnut charcoal; 8100 mg Cu kg"' 
charcoal and 4800 mg Zn kg-' charcoal (paired t-test, P <0.01). Pine charcoal and 
activated carbon's metal sorption capacities were significantly less than the two 
hardwood charcoals (non-paired t-test, P <0.01) (Figure 3.1). 
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FIGURE 3.1 SORPTION OF COPPER AND ZINC ONTO CHARCOAL PRODUCED FROM 
SWEET CHESTNUT, POPLAR AND PINE CHARCOAL AND ACTIVATED CARBON. 
CHARCOAL PARTICLES WERE SUSPENDED FOR 24 HOURS IN METAL SOLUTIONS 
CONTAINING Cu2+ AND Zn2+ AT 250 mg L"1. N=3. ERROR BARS SHOW STANDARD 
ERROR. 
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3.4.2 EFFECT OF PH ON COPPER AND ZINC SORPTION. 
Figures 3.2 and 3.3 shows the effect of pH upon displacement of adsorbed metal from 
all charcoal types. Reduced pH had expected effects on copper and zinc binding to all 
charcoal types. Treatments at a starting pH between 7.0 and 5.0 produced no significant 
metal desorption of either Cu or Zn for any of the charcoals tested. However at a 
starting pH of 3.0, most metals were desorbed, irrespective of the metal type or charcoal 
tested (paired t-test P<0.01). Desorption of copper from all charcoal types was 
examined in more detail and it can be seen from figure 3.4 that significant desorption 
occurs closer to a starting pH of 4.0 for each charcoal except poplar where desorption 
occurs at pH 3.5. 
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FIGURE 3.2 EFFECT OF pH ON CHANGE COPPER SORPTION CAPACITY BY SWEET 
CHESTNUT, POPLAR AND PINE CHARCOAL AND ACTIVATED CARBON. N=3. ERROR 
BARS SHOW STANDARD ERROR. 
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FIGURE 3.3 EFFECT OF pH ON CHANGE IN ZINC SORPTION CAPACITY BY SWEET 
CHESTNUT, POPLAR AND PINE CHARCOAL AND ACTIVATED CARBON. N=3. ERROR 
BARS SHOW STANDARD ERROR. 
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FIGURE 3.4 EFFECT OF pH ON CHANGE COPPER SORPTION CAPACITY BY SWEET 
CHESTNUT, POPLAR AND PINE CHARCOAL AND ACTIVATED CARBON. N=4. ERROR 
BARS SHOW STANDARD ERROR. 
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3.4.3 EFFECT OF PARTICLE SIZE ON COPPER SORPTION. 
Figure 3.5 shows the effect of particle size on metal sorption by sweet chestnut 
charcoal. Statistical differences were determined using non-paired students t-test 
(N=3). There were no significant differences between the metal sorption capacities of 
the small, medium and large charcoal particles, suggesting that sorption was 
independent of particle size and that the internal surface area of charcoal is continuous 
and thus available for metal sorption. 
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FIGURE 3.5 EFFECT OF PARTICLE SIZE ON SORPTION OF COPPER FROM 
SOLUTIONS PRODUCED FROM Cu2+ AND Zn2+ AT 250 mg L''. N=3. 
3.4.4 PHYSICAL STRUCTURE OF DIFFERENT CHARCOALS. 
3.4.4.1 Electron Micrographs 
Images 3.1 and 3.2 demonstrate how closely wood charcoals take on the basic structure 
of the source wood. Organic compounds and volatiles are removed by the high 
temperatures leaving the basic carbonaceous skeleton behind, resulting in a charcoal 
that has a tubular structure connected by small pores and interconnecting tubes. Pine 
charcoal seems to have the simplest structure of the non-activated charcoals, with many 
long tubules, some of which are connected via bordered pits. In contrast, poplar 
53 
Small Medium Large 
Particle Size 
Chapter 3- Sorption Capacity of Non Activated Wood Charcoals 
charcoal has smaller tubules but has many more large vessels, which contain hundreds 
of interconnecting pores. Sweet chestnut has the most complex structure with both 
small tubules and large vessels with interconnecting pores, but it also has many more 
perpendicular tubules. The latter are very small pores visible in all tubules not just the 
vessels. All the wood charcoal surfaces are smooth and regular. Activated carbon 
appears to have no internal structure, but instead consists of very small particles, which 
possess a rough unorganised and irregular surface. Within these particles there will be 
micropores that are in the nano-metre range and beyond the range of the SEM, which 
accounts for its lange surface area. 
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a) Large tubes, some interconnecting. b) Small tubes large vessel visible in the centre 
Large pores also visible on the right side. with many pores 
IMAGE 3.1 SCANNING ELECTRON MICROGRAPHS FOR A) PINE, B) POPLAR AND C) 
SWEET CHESTNUT CHARCOAL AND D) ACTIVATED CARBON AT 1000 X 
MAGNIFICATION. 
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IMAGE 3.2 SCANNING ELECTRON MICROGRAPHS FOR A) PINE, B) POPLAR AND C) 
SWEET CHESTNUT CHARCOAL AND D) ACTIVATED CARBON AT 5000 X 
MAGNIFICATION. 
3.4.5 CHARCOAL SURFACE AREA 
Figure 3.6 shows the correlation between surface area of sweet chestnut, poplar and 
pine charcoal against maxim um copper and zinc sorption. The Pearson's rank test R` 
values for copper and zinc are 0.6890 (P >0.05) and 0.6622 (P >0.05) respectively 
suggesting there is no statistically significant correlation. 
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FIGURE 3.6 CORRELATION BETWEEN SURFACE AREA OF POPLAR, PINE AND 
SWEET CHESTNUT CHARCOAL AGAINST METAL SORPTION OF COPPER AND ZINC. N 
= 3. ERROR BARS SHOW STANDARD ERROR. 
Copper R2 value = 0.6890 (P>0.05). Zinc R' value = 0.6622 (P>0.05). 
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3.5 DISCUSSION 
Charcoal produced from different tree species had different sorption capacities for Cu 
and Zn ions. Poplar and sweet chestnut charcoal showed extremely high sorption 
capacities compared to activated carbon and charcoal produced from pine. Previous 
research has produced activated carbons with higher sorption capacities compared to the 
material used in this chapter. For example Monser et al. (2002) found that activated 
carbon modified with tetrabutyl ammonium iodide and sodium diethyl dithiocarbamate 
cave a maximum Cu(II) sorption of 38000 mg Cu k charcoal while Ramos et at. 
(2002) föund that non-modified activated charcoal made from wood waste (sawdust) 
gave a maximum Zn(lI) sorption of 19000 mg Zn kg 
I charcoal (Monser et at. 2002; 
Ramos et al. 2002). In this study pine charcoal adsorbed the least Cu and Zn. Pine 
charcoal had also the lowest estimated surface area which may account, at least partly, 
for the difference in sorption properties. The difference in surface area may be due to 
the fact that pine was the only soft wood tested and softwoods generally have a 
microstructure made of tracheids and parenchyma cells, whereas hardwoods have many 
more vessel members and fibres (Sengbusch et al. 2003). 
Surface area of the non activated wood charcoals tested correlated poorly with metal 
sorption capacity. Activated carbon has a quoted value in the range of 1000 m2 g-' 
which is 3 log units higher in magnitude and thus supports the lack of relationship 
between surface area and sorption capacity. The high surface area of activated carbon is 
cited as being due to its many micropores (Nakamura et al. 2003; Samaras et at. 1998). 
Therefore it can be theorised that the micropores in the activated carbon tested, play an 
insignificant role in metal sorption. Although, literature does suggest that micropores 
may be important in the sorption of metals by artificial zeolites. Thus relationships 
between surface area and sorption capacity should be further investigated. 
Activated carbon is produced from a variety of different sources such as animal hones, 
grain husks and coconut shells. These materials are very different in structure and 
composition compared to hard and soft woods, also sorption strength and capacity may 
vary according to the types and frequencies of the functional groups present on exposed 
surfaces. 
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All charcoals showed a significant drop in copper sorption at a starting pH of 3.0 - 3.5 
this corresponds with the pKa of certain groups such as carboxyl, so it is possible that 
these groups are somewhat responsible for copper binding. 
3.6 CONCLUSIONS. 
The ability of simple wood charcoals to bind metals from a metal solution at 
magnitudes well above that of a commercially available activated carbon suggest they 
could be used fier various situations where metal removal is required. In particular they 
seem potentially valuable for soil systems where cheap effective and sustainable 
solutions to metal contamination are in demand. Furthermore, the sorption 
characteristics of the charcoals are beneficial to disturbed soil systems which generally 
have a pl I between 5 and 7. Extremely infertile or contaminated soils can have pi I 
values <S but it is likely that charcoal amendment will buffer free I I' ions thereby 
increasing soil pit and facilitating improved metal sorption. Since charcoal is highly 
inert it will have an extremely long residence time in the soil and should act as a 
permanent buffer to metal mobilisation or leaching. Charcoal may also improve other 
soil properties by increasing soil aeration, drainage and at the same time water holding 
capacity due to its hygroscopic properties. In addition, the long residence time of 
charcoals in soils should also result in long term carbon sequestration; charcoal 
remediation could therefore offer a cost effective, in si/u, low energy and carbon 
positive solution to remediation of heavy metal contaminated soils. 
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4 MECHANISMS OF METAL SORPTION BY WOOD 
CHARCOALS 
4.1 INTRODUCTION 
Wood from a mature tree branch has three distinct radial zones. The outermost layer is 
called hark. which is produced by the cambium. The cambium is the dividing tissue in 
the stem that produces not only the hark but also the next layer. called the sapwood. 
Sapwood is formed when newly formed cells hollow out to form transport vessels for 
water and elements to travel from roots to leaves. Other cells in the sapwood are used 
to store food provided by photosynthesis, including starch. The sapwood is the living 
part of a tree and is usually only two to five centimetres thick. Finally the inner core is 
called the hardwood or heartwood. Heartwood is formed as cells in the sapwood die. 
I leartwood provides strength to the wood and plays a role in supporting the tree. During 
its formation, cellular contents are degraded, leaving only the structural secondary wall 
which is strengthened by deposition of resins, elements and other compounds (Plornion 
et al. 2001; Savidge 2000). As the branch ages and becomes thicker the proportion of 
heart wood increases and the proportion of sapwood decreases. 
In Chapter 3 it was shown that charcoals produced from the wood of different tree 
species exhibited high sorption capacities for metal ions. Specifically, Poplar charcoal 
was able to bind > 15 000 mg Cu kg-1 and > 9000 mg Zn kg -1 (Chapter 3). It was shown 
that the metal sorption capacity of charcoals derived from poplar, sweet chestnut and 
pine wood charcoals correlated with surface area. However, commercially obtained 
activated carbon did not fit this pattern (Chapter 3). Metal binding in charcoals is 
thought to be due to several functional groups such as sulphonate, phosphate and 
carboxylic acid (Foley 1986; Ge et al. 2000, Naja et al. 2005). These groups are either 
already present in the wood before charring, or are produced during the charring process. 
It was hypothesised that charcoals with higher concentrations of these functional groups 
will have greater metal binding capacity irrespective of their surface area. Young wood 
is more metabolically active than old wood and thus contains a higher proportion of 
elements that are responsible for protein synthesis and photosynthesis. If such elements 
are retained after charring, and if they are present in an exchangeable form or a form 
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able to bind metal, this could result in charcoals with improved capacity to bind heavy 
Illetal ions. 
4.2 AIMS 
The experiments presented in this chapter aim to show that the growth rate of sweet 
chestnut wood and the mineral content of the resulting charcoals are correlated to the 
charcoal's metal sorption capacity. 
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4.3 MATERIALS AND METHODS 
4.3.1 CROSS SECTIONAL ANALYSIS OF SWEET CHESTNUT LOG 
Going from the outside towards the inside of a tree trunk the wood will become 
progressively older. To obtain woods of different ages a large tree trink measuring 
approx 20 cm in diameter was Lised. The bark and cambium were removed and the 
remaining wood was split along the annual lines into sapwood (1-3 years old). outer 
heartwood (4-6 years) and finally inner heartwood and pith (7- I0 years). From each of 
the tour sections 3 portions were separately charred using the methodology described 
Samples were tested for Cu sorption capacity using the methodologics described in 2.1. 
2.2,2.3 and 2.8.1. In brief, charcoals were ground to < 0.5 mnm in size. Metal sorption 
was determined in triplicate by treating 0.5 g of each charcoal with 250 cm; of 250 mg 
L-' Cu solution made from copper sulphate salt for 48 hours at 20 °C and shaking at 180 
rpm. Samples were subsequently filtered, dried and analysed by FAAS. 
4.3.2 LONGITUDINAL ANALYSIS OFSWEET CHESTNUT BRANCH 
A branch of a tree will grow both in length and width and each year a new section of 
wood is added. This means that the top section of a branch represents wood that is less 
than I year old, the section below that is between I and 2 years (average 1.5), the one 
below that between I and 3 years (average 2 years), etc. By dividing a branch in year 
section' it is possible to obtain wood with a different average age. A large branch 
measuring approx 7 meters in length was thus divided into Im sections. 
In this way wood of different ages was obtained ranging from less than 1 year (top of 
the branch) to sections that were about 2.5 years old on average. Subsequently from 
each section including the bark. 3 portions were separately charred using the method 
described before. 
As in the previous experiments charcoal samples were ground < 0.5mm and a standard 
sorption experiment was setup using 0.5 g charcoal in 250 cm' metal solution. 
Solutions contained 250 mg L. -' Cu, ' or 250 mg L-1 Zn2+ both dissolved as metal 
sulphates. Samples were shaken for 48 hours. Ashed and acid digested charcoal 
samples were analysed by FAAS tier Cu and Zn. Charcoal samples from each section 
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were also analysed by ICP-OES for different elements to determine if the metal sorption 
capacity correlated with the elemental composition of the charcoal using the 
methodology described in 2. I2. 
Three separate branches from three different sweet chestnut cores from the same 
coppice were analysed, each section was divided into three portions and each portion 
was charred and analysed separately. 
4.3.3 STATISTICAL ANAL PSIS 
In data sets with Gaussian distributions, differences between means were analysed using 
paired or non-paired students t-test. Linear correlations were determined using 
Pearson's rank test on data with Gaussian distribution and Spearman's rank test on non 
Gaussian data. These tests were carried out using GraphPad InStat version 3 (GraphPad 
Software, 2005). 
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4.4 RESULTS 
4.4.1 CROSS-SECTION OF LOG 
Charcoal produced from the bark bound significantly more Cu than all other wood 
sections (P<0.0001). Charcoal from the outer part of the wood (sapwood) bound 
significantly more Cu 2+ than sections from the inner and core sections (P < 0.0005). 
There was however no significant difference in the sorption capacities of the heart wood 
samples (Figure 4.1). There is a clear relationship between wood age and the metal 
sorption capacity of the resulting charcoal; the younger the wood the better the sorption 
capacity of the charcoal derived from that wood. 
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FIGURE 4.1 SORPTION OF COPPER BY CHARCOALS PRODUCED FROM SWEET 
CHESTNUT WOOD OF DIFFERENT AGE. SECTIONS A TO D REPRESENT SECTIONS OF 
A LARGE 20cm DIAMETER SWEET CHESTNUT TRUNK; SECTION D REPRESENTS 
THEREFORE THE OLDEST HEARTWOOD AND PITH WHILE SECTION A IS THE YOUNG 
BARK WOOD AND CAMBIUM OF <1 YEAR OLD. ALL SAMPLES WERE DRIED, AND 
THEN CHARRED AT 450 °C. CHARCOAL PARTICLES WERE SUSPENDED FOR 48 HOURS 
IN METAL SOLUTIONS CONTAINING Cu2+ AT 250 mg L-'. N=3. ERROR BARS SHOW 
STANDARD ERROR. 
4.4.2 LONGITUDINAL ANALYSIS OF SWEET CHESTNUT BRANCH 
In general charcoal produced from wood taken closer to the tip of the branches bound 
more metal than charcoal made from wood taken from the base of the branch (Figure 
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4.2A, 4.2B, 4.2C). The relationship between branch diameter and sorption capacity is 
very significant with an R2 value of 0.8251 (P < 0.0001). 
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FIGURE 4.2A, 4.2B, 4.2C SORPTION OF COPPER BY CHARCOALS PRODUCED 
FROM SWEET CHESTNUT WOOD OF DIFFERENT AGES FROM THREE SEPARATE 
BRANCHES (A, B AND Q. SECTIONS 1 (TIP OF THE BRANCH) TO 10 (BASE OF THE 
BRANCH) REPRESENT IM SECTIONS THAT BECOME PROGRESSIVELY OLDER. THE 
OLDEST WOOD IN SECTION 1 IS <1 YEAR OLD, WHILE SECTION 10 IS ON AVERAGE 3 
YEARS OLD. ALL SAMPLES WERE DRIED, AND THEN CHARRED AT 450 °C. 
CHARCOAL PARTICLES WERE SUSPENDED FOR 48 HOURS IN METAL SOLUTIONS 
CONTAINING Cu2+ AT 250 mg L"'. N=3. ERROR BARS SHOW STANDARD ERROR. 
Elemental analysis of the different charcoals shows that several elements are found in 
high concentrations and correlate strongly with copper sorption capacity. Results were 
adjusted to molar values on the basis that copper binding related to particular elements 
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and as such their molecular weight would create confounding effects, results are shown 
in Tablc 4.1. 
TABLE 4.1 MEAN MINERAL CONCENTRATION (mg kg-' AND mmol kg-') IN 
CHARCOALS PRODUCED FROM SWEET CHESTNUT WOOD OF DIFFERENT AGES. 
CORRELATION IS AGAINST Cu2+ SORPTION BY THE SAME CHARCOALS AFTER THEY 
WERE SUSPENDED FOR 48 HOURS IN METAL SOLUTIONS CONTAINING Cuz+ AT 250 mg 
L"ý . 
Mean Concentration in Charcoal Correlation vs Cu Element 
(mg kg-') (mmol kg-1) RZ Value P Value 
K 10079.33 252.61 0.89 <0.0001 
Ca 4883.00 121.83 0.51 <0.0001 
Mg 1419.44 58.39 0.77 <0.0001 
P 888.33 28.68 0.60 <0.0001 
Mn 815.80 14.85 0.52 <0.05 
Fe 219.84 3.94 0.02 >0.05 
Al 80.00 2.97 0.27 >0.05 
Na 59.68 2.60 0.01 >0.05 
Cr 36.66 0.71 0.00 >0.05 
Ni 30.15 0.51 0.00 >0.05 
B 27.46 2.54 0.86 >0.05 
Co 1.15 0.02 0.01 >0.05 
Cd 0.19 0.00 0.26 >0.05 
Mean Cu" sorption was 9975.17 mg kg-' (156.97 mmol kg"'). 
Figure 4.3A to 4.3D show the correlation between copper sorption and K, Ca, Mg and P 
content of the charcoals. It can be seen that all these elements correlate strongly with 
Cu sorption in particular K, and Mg (correlation values shown in Table 4.1). Also all 
these elements are at relatively high molar concentrations between 18% and 160% of 
the Cu capacity. 
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4.5 DISCUSSION 
Results presented here indicate a strong relationship between sorption capacity of 
charcoals and age of sweet chestnut wood from which they were produced. Specifically, 
younger sweet chestnut wood shows significantly increased sorption capacity to Cu ions. 
Further to this, sweet chestnut bark charcoal has even more sorption capacity to Cu ions. 
Llemental analysis of the sweet chestnut charcoals produced along the branch showed 
that youn_er wc)Oci has si-11iI1canti) increased levels ofseveral elements Icadino to 
strong correlations with the metal sorption data, which followed the same trends 
The most interesting correlations are with the elements K, Ca. Mg and P (Figure 4.3) as 
these are all found in concentrations that correspond to the metal sorption capacities 
observed. Other elements such as Mn and B show strong correlations with metal 
sorption data but are alI at molar concentrations that are over 10 times less than the Cu 
sorption. 
Metal sorption mechanisms by charcoals are cited as being onto functional negatively 
charged groups such as carboxyl groups (Naja et al. 2005). K, Ca and Mg on the other 
hand are positively charged cations. A possible mechanism by which these elements 
could he involved in metal adsorption is via cation exchange where cations such as K, 
Mg and Ca are replaced by a heavy metal ion. Correlation of metal sorption with P is 
interesting as phosphate groups have previously been cited as potential binding sites for 
metals in charcoals ([vans I989:, Naja et al. 2005, Sauve et al. 1998). Not all elements 
were analysed, for example S and C, which are in sulphonate and carboxyl groups and 
are well documented as metal binding groups (Evans 1989, Naja et al. 2005, Sauve et al. 
1998). 
4.6 CONCLUSIONS. 
Charcoals produced from metabolically active sapwood and bark bound more Cu ions 
from solution than charcoals produced from core wood. Metal sorption was strongly 
correlated with the amount of potassiu m. magnesium, calcium and phosphorus in the 
charcoal. It is possible that these elements are exchanged during metal sorption, but 
further investigations are needed to test this hypothesis. 
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5 NOVEL CHARCOALS FOR METAL SORPTION 
5.1 INTRODUCTION 
Many different materials have been used to produce charcoals for metal adsorption 
(Mohan et al. 2006). Charcoal production usually includes an activation step which is 
used to enhance certain characteristics ofthe charcoal. Examples of activation 
processes include: high temperature charring, steam treatment, acid treatment and 
treatment with different chemicals (Issabayeva ct al. 2006; Kobya et al. 2005: Lima ct at. 
2005; Wilson et al. 2006; Zhang et al. 2005). Charcoals are commonly produced from 
low cost waste materials. For example, sewage sludge chemically activated by 
treatment with %nCl, before charring at 650 °C', was able to adsorb 42600 mg tlg kg 
(hang et al. 2005). Peanut shells mixed with molasses, palm shells, apricot stones, and 
broiler (chicken farm) manure, have all been used as a source for activated charcoals 
(Issabayeva et al. 2006; Kohya et al. 2005; Lima et al. 2005, Wilson et at. 2006). The 
sorption properties of these materials varied significantly; with palm shell charcoal 
being able hind 95 200 mg Fe kg I, peanut and molasses charcoal being able to bind 
55 500 mg Cu kg-', broiler manure charcoal being able hind 121 900 mg Cu kg-I and 
apricot stone charcoal was able to bind 24 210 mg Cu kg 
1 (Issabayeva et al. 2006, 
Kobya et al. 2005; Lima et al. 2005; Wilson et al. 2006). The benefits of low cost waste 
materials for charcoals are potentially negated in part by the costly activation processes 
that are used during the production. Therefore, the final costs of activated carbons are 
high. Specific data relating to the costs of activation processes are limited, but the cost 
of burying a multi-purpose activated charcoal can be as much as £27.80 kg 
I (activated 
carbon untreated, ('2889, Sigma Aldrich, UK) while specialist activated carbon can cost 
in excess of £2560 kg 
1 (activated coconut charcoal, 10275, Sigma Aldrich, UK). 
Whereas these prices will include a large profit margin they suggest that the activation 
costs are very high. In Chapter 4 it was shown that activation of charcoal is not always 
necessary and that non-activated wood charcoals produced at 450°C can exhibit high 
metal sorption capacities. 
Research into mechanisms that determine metal binding capacity oi'charcoals has 
indicated that phosphate and sulphate functional groups are mainly responsible for 
metal sorption along with ion exchange and surface precipitation of metals. Especially 
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boric charcoal, which has been investigated in great detail for its ability to bind a range 
of metals (Wilson 2002). Mechanisms of metal sorption by bone charcoal were föund 
to be due to high concentrations of phosphate groups in the form of'hydroxyapatite, 
which is the main component of'bone charcoal (Wilson 2002). 
Various organic materials exist that are naturally high in phosphorus such as common 
stinging nettle and lentils as well as chicken poultry manure (Ausmus 2005). What is 
unknown is vahether the phosphorus that is found naturally in these materials has a role 
in metal adsorption once the material is charred. Similarly, we don't know ifcharcoals 
derived from materials high in sulphur such as cabbage and garlic are capable of 
binding metals as a result of a high concentration of sulphate groups on their surface. 
If activation processes and charring conditions are excluded from the factors affecting; a 
charcoals metal sorption capacity, the only factor remaining that can affect its chemical 
make up is the source material. Thus selection of different source materials will 
significantly affect the make up of an organic material and potentially affect the surface 
chemistry of the charcoal made from it. 
It has been shown how metal sorption capacity of charcoals can vary when different 
sections of a sweet chestnut tree are used and it was concluded that growth rate of the 
woody material was related to metal sorption capacity. So far, limited research has been 
carried out to investigate whether fast growing non-woody plants could be used as 
source materials to produce metal adsorbing charcoals. 
5.2 AIMS 
This chapter addresses the lack of a systematic analysis of metal sorption capacity of 
charcoals made from several materials selected for their chemical makeup, growth rate 
and cost. Materials were selected on the basis of high phosphate or sulphate content, 
rapid growth rate, or due to their status as a low cost waste product. It was hoped that 
materials could he found that have naturally high metal sorption capacities without the 
need of high temperature charring or activation. 
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5.3 MATERIALS AND METHODS 
5.3.1 EFFECT OF SOURCE MATERIAL ON CHARCOAL SORPTION 
CAPACITY 
The sorption properties of several charcoals were compared. Materials for charring 
were selected for their potential high phosphate and sulphate content as well as selecting 
rapid prOWinp materials. weeds and waste materials. Details are listed in Table 5. I . 
I'Aß1. F. 5.1 CHARCOAL SOURCE MATERIAL DETAILSAND NOTES 
Source Material Latin Name Product Description 
Limex Product produced from lime and sugar beet tops by Bristish Sugar 
Sheep Wool Processed Sheeps Wool For Sowing - Untreated and uncoloured 
Chicken Egg Hard bolied and de-shelled 
Chicken Waste Dried waste material from chicken farms 
Garlic Allium sativum Whole Bulbs 
Cabbage Brassica oleracea Trimmed Cabbage 
Sea Beet Beta vulgaris Tops (leaves) 
Swish Chard Beta vulgaris Tops (leaves) 
Lentils Lens culinaris Roots excluded 
Barley Straw All used 
Rye Grass Lolium Roots excluded 
Rape Seed Brassica napus Roots excluded, harvested before seeds formed 
Horsetail Equisetum Roots excluded 
Bracken Pteridum Roots excluded 
Stinging Nettle Urtica dioica Roots excluded 
Deaf Nettle Lamium Roots excluded 
Oak Quercus Branches -10cm diameter. Leaves removed 
Sweet Chestnut Castanea sativa Roots excluded 
Bladder Wrack I Fucus vesiculosus 
All samples were harvested in the Surrey or Sussex regions. Samples were charred, 
treated with Cu and digested using the standard methodology's 2.1,2.2 and 2.3. Final 
solutions were analysed by FAAS using the standard FAAS methodology 2.8.1. In 
brief, samples were dried at 80 °C then charred at 450 °C and ground to <0.5 nom in size. 
Metal sorption was determined in triplicate by treating 0.5 g of each charcoal with 250 
cm; of'250 nag Cu L-1 solution made from CuSO4 salt for 48 hours at 20 °C and shaking 
at 180 rpm. Samples were subsequently filtered, dried, ashed and digested, then 
analysed by FAAS. 
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5.3.2 STRUCTURAL BREAKDOWN OF NETTLE PLANTAND DEPENDENCE 
OF PLANT GROWTH CONDITIONS; ON SORPTION CAPACITY OF 
NETTLE CHARCOAL 
Stinging nettles were collected from different locations in the South Fast of England in 
July 2006. Sites were chosen on the basis of nettle phenotypes that were growing; large 
(up to 1.5 in high), dark green plants were indicative of high soil fertility (subsequently 
termed `Ilealthy Nettles'), while small (around 0.5 m high), light green plants were 
indicative of poor soil lertility (subsequently termed 'Withered Nettles'). The nutrient 
rich location was a manure heap while the nutrient poor location was high on a chalk 
hillside. Besides the effect of phenotypic variation on metal sorption, roots, stems and 
leaves were analysed separately from two sites for their metal sorption capacity. 
Samples were charred, treated with Cu and digested as described previously using the 
methodologies described in 2.1,2.2 and 2.3, final solutions were analysed by FAAS 
using the methodology described in 2.8.1. In brief, samples were dried at 80 °C then 
charred at 450 °C and ground to < 0.5 mm in size. Metal sorption was determined in 
triplicate by treating 0.5 g of each charcoal with 250 cm3 of 250 mg Cu L-I solution 
made from CuSO4 salt for 48 hours at 20 °C and shaking at 180 rpm. Samples were 
subsequently filtered, dried, asked and digested, then analysed by FAAS for Cu content. 
5.3.3 EFFECT OF ACIDIC PH ON BOUND METAL 
A standard pI I de-sorption experiment was run to compare nettle charcoal with sweet 
chestnut using the methodologies described in 2.1,2.2,2.3,2.8.1 and 2.19. In brief, 
samples were dried at 80 °C then charred at 450 °C and ground to < 0.5 mm in size. 
Metal sorption was determined in triplicate by treating 0.5 g of each charcoal with 250 
cm3 of 250 mg Cu L-ý solution made from CuSO4 salt for 48 hours at 20 °C and shaking 
at 180 rpm. Samples were subsequently filtered and dried. After which they were re- 
suspended in 250 cm` water with the following pH values 1.00,2.00,3.00,4.00 and 
5.00. Flasks were shaken at 180 rpm at 20 °C, every 12 hours the pH was retested and 
if necessary extra IM nitric acid was added to maintain the correct pH. After 48 hours 
final the pi I of the samples was tested and they were filtered, dried, ashed and digested, 
and then analysed by FAAS for Cu content. 
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5.3.4 RELATIONSHIP BETWEEN PHOSPHATE CONTENT AND METAL 
SORPTION CAPACITY 
In chapter 4. P content was shown to correlate with metal sorption capacity. These 
findings were further tested on a range of charcoals, some of which were known to be 
high in N)4, such as chicken litter and lentils. For others, P04 content was unknown, 
but presumed to he lower than either chicken litter or lentil seed. Charcoals were 
analysed für Cu and /n sorption capacities, as well as phosphate content using the 
methodoloies described in 2.1.2.2.2.3,2.8.1 and 2. I8. In brief, samples were dried at 
80 °C then charred at 450 °C and ground to < 0.5 mm in size. Metal sorption was 
determined in triplicate by treating 0.5 g ofeach charcoal with 250 cm' of 250 º1ng Cu L- 
solution made from CuSO4 salt for 48 hours at 20 °C and shaking at 180 rpm. The 
experiment was repeated using 250 cm` of 250 mg Zn L-l solution made from ZnSO. º 
salt. Samples were subsequently filtered, dried. ashed and digested, then analysed by 
FAAS fOr Cu content. Phosphate was analysed using colourimetric methods in 
triplicate using the methodology described in 2.18. Results were analysed for 
correlations between sorption and phosphate content. The experiment was repeated 
using one species (stinging nettle) to determine if there was an inter-species relationship. 
nettles were harvested from a chalk hill, samples were collected from 6 Thus stinging 
sites starting at the top of the hill to the valley below, providing a selection of stinging 
nettle plants growing in a range of conditions. Leaves and stems were tested separately. 
Lach sample was charred, treated and analysed as above. 
5.3.5 RELATIONSHIP BETWEEN SULPHUR CONTENT AND METAL 
SORPTION CAPACITY 
To determine if there was a correlation between the sulphur content of charcoals and 
thcir metal sorption capacity, a selection of charcoals were analysed for their sulphur 
content. Subsequently a standard metal sorption experiment was run on these charcoals 
after which they were analysed for metal sorption. The sulphur content was determined 
in both the treated and untreated samples as CuSOa salt was used and therefore any 
precipitation of CuSO. º onto the charcoal surfaces could be detected. The following 
source materials were used in the experiment (details listed above), garlic, cabbage. 
stinging nettle, deal nettle, horsetail. bladder wrack, lentils, sweet chestnut (core, sticks 
(< I year old) and hark). Also used were creosote treated telegraph pole wood and de- 
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watered "sewage cake". All samples were harvested in the Surrey or Sussex regions, 
sewage cake was provided by Thames Water Ltd and creosote treated telegraph pole 
wood by LI)F Energies Ltd. Samples were charred and analysed for copper sorption 
and sulphur content in triplicate using the charring and metal sorption methodologies 
described in 2. I. 2.2, and 2.3, analysis was by ICP-OFS using the methodology 
described in 2.12, finally S content was analysed externally by NRM Laboratories Ltd, 
UK. In brief, samples were dried at 80 °C then charred at 450 °C and ground to <0.5 
nom in sine. Metal sorption was determined in triplicate by treating 0.5 g of each 
charcoal with 25O cm' of'250 mb Cu L-' solution made from CuSO4 salt for 48 hours at 
20 °C and shaking at I80 rpm. Samples were subsequently tiItered, dried then analysed 
by ICP-OLS. Cu sorption vs. S content was subsequently plotted and a correlation 
coefficient calculated. 
5.3.6 RELATIONSHIP BETWEEN PH BUFFERING CA PA CITY AND CU 
SORPTION CAPACITY 
The ability of a material to raise the pH of distilled water is a good measure of the 
Cation Exchange Capacity (CEC) of that material. A range of materials from 
experiment 5.3.1 were selected and tested for pH buffering capacity and Cu sorption 
capacity using the methodologies described in 2.1,2.2,2.3,2.8.1 and 2.19. In brief', 
samples were dried at 80 °C then charred at 450 °C and ground to < 0.5 mm in size. 
Samples were divided into six portions, three for estimating Cu sorption and three for 
determining plI buffering capacity. Metal sorption was determined in triplicate by 
treating 0.5 g of each charcoal with 250 cm' of 250 nag Cu t. -º solution made from 
CuSO. 4 salt for 48 hours at 20 °C and shaking at 180 rpnm. Samples were subsequently 
filtered, dried, ashed and digested, then analysed by FAAS for Cu content. To 
determine the ability of'charcoal to buffer the pH of de-ionised water (with a starting pi I 
of' 6.80), three 1.0 g samples of' each charcoal type were suspended in 100 em3 water 
and the plI of' the suspension was recorded after equilibrium had been reached, 
determined by a consistent pi I reading. Logarithmic sorption capacity of each charcoal 
was thus correlated against buffering capacity, which was used as an indication of its 
CI IC. 
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5.3.7 ANALYSIS OF NETTLE CHARCOAL BY EDX 
Energy dispersive X-ray (: DD) analysis is a powerful technology capable of 
quantifyinýý individual elements as well as mapping them against a SEM image. This 
technology was used is an attempt to map nettle charcoal that had been soaked in 
CuSO4 solution. Soaked charcoal was obtained using the methodologies described in 
2.1.2 2 and 2.3. Specifically 0.5 o of'charcoal was treated w ith 250 cm' of 250 mpg, Cu 
I. 1 solution made from CuSO4 salt for 48 hours at 20 °C and shaking at 180 rpm. I, DX 
analysis was undertaken using the methodology described in 2.15.1. Due to the 
complex three-dimensional micro-structure of' the charcoal and the reliance of EDX on 
detecting scattered electrons obtaining accurate maps was difficult. Areas were selected 
at random and analysed using the mapping mode as well as the quantification mode. 
5.3.8 STATISTICAL ANALYSIS 
In data sets with Gaussian distributions, differences between means were analysed using 
paired or non-paired students t-test. Non Gaussian data was normalised by conversion 
to Logau scale and retested. Linear correlations were determined using Pearson's rank 
test on data with Gaussian distribution and Spearman's rank test on non Gaussian data. 
'T'hese tests were carried out using GraphPad InStat version 3 (GraphPad Software, 
2005). 
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5.4 RESULTS 
5.4.1 EFFECT OF SOURCE MATERIAL ON CHARCOAL SORPTION 
CAPACITY 
Figure 5.1 shows the huge range in Cu sorption capacity of charcoals made from 
different source materials. Sorption capacity ranged from 1023 mg kg-' to 218 033 mg 
kg"' the latter being over 20% weight as bound Cu. Further analysis is required to 
determine what constitutes a material that will produce a charcoal with a high metal 
sorption capacity. 
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FIGURE 5.1 SORPTION OF COPPER ONTO CHARCOALS PRODUCED FROM 
DIFFERENT SOURCE MATERIALS. CHARCOAL PARTICLES WERE SUSPENDED FOR 48 
HOURS IN COPPER SOLOUTION CONTAINING Cu2+ AT 250 mg L-'. N=3 ERROR BARS 
SHOW STANDARD ERROR. 
5.4.2 STRUCTURAL BREAKDOWN OF NETTLE PLANT SORPTION 
Figure 5.2 shows analysis of the separate components of stinging nettle plants from two 
different locations. Analysis shows that leaves have significantly higher Cu and Zn 
sorption capacities compared to stems and roots (Paired t-test; Cu Leaves - Cu Stems 
P=0.0469; Cu Leaves - Cu Roots P=0.0008; Zn Leaves - Zn Stems P=0.0027; Zn 
Leaves - Zn Roots P=0.0007). Analysis also shows that Cu sorption is significantly 
greater in stems than roots although the same is not the case for Zn sorption (Paired t- 
test; Cu Stems - Cu Roots P=0.0006; Zn Stems - Zn Roots P=0.1783). Significant 
differences can also been seen when comparing the sorption capacities of fresh nettles 
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against withered nettles, showing that fresh nettles have significantly increase metal 
sorption capacity (Paired t-test P=0.0011). 
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FIGURE 5.2 SORPTION OF COPPER ONTO CHARCOALS PRODUCED FROM NETTLE 
CHARCOAL MADE FROM NETTLES HARVESTED FROM TWO DIFFERENT LOCATIONS. 
SAMPLES WERE SPLIT INTO ROOTS, STEMS AND LEAVES. CHARCOAL PARTICLES 
WERE SUSPENDED FOR 48 HOURS IN COPPER SOLOUTION CONTAINING Cu2+ AT 250 
mg L"'. N=3 ERROR BARS SHOW STANDARD ERROR. 
5.4.3 EFFECT OF ACIDIC PH ON BOUND COPPER ON NETTLE CHARCOAL 
Figure 5.3 shows the sorption of Cu from charcoal after treatment with different 
acidified solutions and their final pH. Initial pH values were 1.00,2.00,3.00,4.00 and 
5.00, thus it can be seen that some significant buffering has occurred. Results show that 
73% of bound Cu is displaced at a pH of 4.84 and 86% is displaced by a pH of 4.70. 
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FIGURE 5.3 REMAINING COPPER ON NETTLE CHARCOAL AFTER TREATMENT 
WITH ACIDIFIED SOLUTIONS AT DIFFERENT PH VALUES. CHARCOAL PARTICLES 
WERE SUSPENDED FOR 48 HOURS IN METAL SOLUTION CONTAINING Cu 2+ AT 250 mg 
L'1. FOLLOWED BY RE-SUSPENTION IN 250 cm3 WATER WITH THE FOLLOWING PH 
VALUES 1.00,2.00,3.00,4.00 AND 5.00. FLASKS WERE SHAKEN AT 180 RPM AT 20 °C, 
EVERY 12 HOURS THE PH WAS RETESTED AND IF NECESSARY ADJUSTED TO ITS 
ORIGINAL VALUE. RESULTS SHOW FINAL pH AGAINST Cu CONTENT AFTER 48 
HOURS. N=3 ERROR BARS SHOW STANDARD ERROR. 
5.4.4 RELATIONSHIP BETWEEN PHOSPHATE CONTENT AND METAL 
SORPTION CAPACITY 
A poor relationship between metal sorption capacity and P043- content was observed 
between charcoals made from a range of different source materials, correlations of such 
gave R2 values of 0.066 for Cu and 0.406 for Zn (Figure 5.4). 
79 
0.99 2.21 4.71 4.84 5.42 
Chapter 5- Novel Charcoals for Metal Sorption 
80000 
70000 
80000 
50000 
roe 40000 
30000 
20000 
10000 
0 
Cu" Sorption 
Zn1' Sorption 
PO4 Content 
ý. nicken Waste Hye Gýasý d: a& Ien LI dra::. e . SI Hors"I Seaweed LNMM 
Charcoal Source 
FIGURE 5.4 SORPTION OF COPPER AND ZINC ONTO CHARCOALS PRODUCED 
FROM DIFFERENT SOURCE MATERIALS COMPARED TO CHARCOAL PHOSPHATE 
CONTENT. CHARCOAL PARTICLES WERE SUSPENDED FOR 48 HOURS IN METAL 
SOLUTION CONTAINING Cu2+ OR Zn2+ AT 250 mg L". N=3 ERROR BARS SHOW 
STANDARD ERROR. 
When analysing charcoals made from different plants of the same species again a poor 
relationship between Cu sorption capacity and P043- content was observed, correlations 
gave R2 values of 0.508 for charcoal made from the leaves, 0.275 for charcoal made 
from the stems and 0.341 for both combined (Figure 5.5). 
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FIGURE 5.5 SORPTION OF COPPER AND ZINC ONTO NETTLE CHARCOAL 
PRODUCED FROM EITHER STINGING NETTLE LEAVES OR STEMS. ALL PLANTS 
WERE TAKEN FROM NETTLE PATCHES THAT GREW ON A CHALK HILL, LOW IN 
NUTRIENTS. CHARCOAL PARTICLES WERE SUSPENDED FOR 48 HOURS IN METAL 
SOLUTION CONTAINING Cu1+ OR Zn 2+ AT 250 mg L-1. N=3 ERROR BARS SHOW 
STANDARD ERROR 
5.4.5 RELATIONSHIP BETWEEN SULPHUR CONTENT AND METAL 
SORPTION CAPACITY 
Figure 5.6 shows the correlation between S content vs Cu sorption capacity of several 
charcoals. It can be seen that the majority of charcoals have below 15 cmol S kg-' 
except bladder rack and horsetail which have 120 and 179 cmol S kg"' respectively. 
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FIGURE 5.6 SULPHUR CONTENT VS COPPER SORPTION CAPACITY OF CHARCOALS 
MADE FROM A RANGE OF SOURCE MATERIALS. CHARCOAL PARTICLES WERE 
SUSPENDED FOR 48 HOURS IN METAL SOLUTION CONTAINING Cu2+ AT 250 mg L"'. N=3 
ERROR BARS SHOW STANDARD ERROR. 
Figure 5.7 shows the correlation between S content of various charcoals after treatment 
with CuSO4 solution vs their CuSO4 capacity, there was a strong correlation between 
the Cu and S content of the charcoals after sorption (R2 = 0.8154, P= <0.001). 
82 
Chapter 5- Novel Charcoals for Metal Sorption 
100 
90 
80 
70 
. 60 ö 
v 50 
40 
V 30 
20 
10 
0- 
0 
U4 
" 
+ 
ýiý 
  Garlic 
" Cabbage 
f Stinging Nettle 
f Dead Nettle 
SW Bark 
SW Core 
" SW Sticks 
* Horsetail 
* Bladder Rack 
" Telegraph Pole 
+ Lentils 
x Sewage Cake 
50 100 150 200 250 300 350 
Cu Sorption (cmol kg-') 
FIGURE 5.7 SULPHUR CONTENT AFTER TREATMENT WITH COPPER SULPHATE 
SOLUTION VS COPPER SORPTION CAPACITY OF CHARCOALS MADE FROM A RANGE 
OF SOURCE MATERIALS. CHARCOAL PARTICLES WERE SUSPENDED FOR 48 HOURS 
IN METAL SOLUTION CONTAINING Cu2+ AT 250 mg L-'. N=3 ERROR BARS SHOW 
STANDARD ERROR. 
5.4.6 RELATIONSHIP BETWEEN PH BUFFERING CAPACITY AND CU 
SORPTION CAPACITY 
Figure 5.8 shows the final pH of water treated with charcoal as an indication of its 
buffering capacity against Cu sorption capacity for a selection of charcoals. There is a 
good relationship between the ability of charcoal to raise the pH of water and its ability 
to bind metal ions. For analysis the sorption values were converted to logio to coincide 
with the pH (which is a loglo scale) this gave an Rz value of 0.89 (P = <0.0001). 
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FIGURE 5.8 RELATIONSHIP BETWEEN Cu SORPTION AND ABILITY TO RAISE THE 
pH OF WATER (STARTING pH OF 6.75), OF CHARCOALS DERIVED FROM DIFFERENT 
SOURCE MATERIALS. CHARCOAL PARTICLES WERE SUSPENDED FOR 48 HOURS IN 
METAL SOLUTION CONTAINING Cu2+ AT 250 mg L"1. N=3 ERROR BARS SHOW 
STANDARD ERROR 
5.4.7 ANAL YSIS OF NETTLE CHARCOAL BY EDX 
Image 5.1 and Image 5.2 show EDX surface maps and an SEM image for a typical 
stinging nettle charcoal surface site with high Cu. Image 5.1 shows the SEM image 
against Cu, S, and 0 maps. It can be seen that the lighter areas on the Cu map overlap 
with those of the S map suggesting a strong correlation between these two elements. 
The 0 map is comparable to the actual SEM picture but detection intensity is strongest 
at the locations where Cu is found, suggesting 0 is found all over the surface of the 
charcoal but also correlates with the Cu. 
Image 5.2 shows the SEM image against Cu, P, and Mg. It can be seen that the whiter 
areas on the P and Mg map overlap with the darker areas of the Cu map suggesting a 
negative correlation between these elements and Cu. The P and Mg maps show 
strongest detection on the larger structural sections of nettle charcoal seen in the SEM. 
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IMAGE 5.1 SEM AND EDX MAPS FOR COPPER, SULPHUR AND OXYGEN OF A 
NETTLE CHARCOAL SAMPLE AFTER SUSPENSION FOR 48 HOURS IN COPPER 
SOLUTION CONTAINING Cue` AT 250 mg L-1 
Chapter 5- Novel Charcoals, for Metal Sorption 
IMAGE 5.2 SEM AND EDX MAPS FOR COPPER, PHOSPHORUS AND MAGNESIUM OF 
A NETTLE CHARCOAL SAMPLE AFTER SUSPENSION FOR 48 HOURS IN COPPER 
SOLUTION CONTAINING Cu2+ AT 250 mg L-1 
Table 5.2 shows quantitative analysis by EDX of the area shown in Image 5.1 and 
Image 5.2, it can be seen that Cu accounts for only 10% by weight and that Cu: S atomic 
ratio is 10: 1. 
TABLE 5.2 QUANTITATIVE ANALYSIS OF THE EDX MAPPING SITE 
Element I Weight %I Atomic 
C 65.48 78.51 
O 18.83 16.95 
Mg 0.19 0.11 
Al 0.12 0.06 
Si 0.51 0.26 
P 1.19 0.55 
S 0.55 0.25 
K 0.17 0.06 
Ca 2.24 0.81 
Cu 10.73 2.43 
Total 100.0 100.0 
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5.5 DISCUSSION 
The range of charcoal Cu sorption capacities in the charcoals tested is clearly huge. 
Nettles, beet leaves and swich chard showed the highest sorption capacity far above that 
of previously tested woody materials (chapter 4). The increased sorption capacity of 
fresh stinging nettles over withered stinging nettles fits with previous results in which 
younger more active woods demonstrated increased metal sorption capacity over older 
less active samples (chapter 4). 
There is a poor correlation between P04 content and metal sorption. Charcoals high in 
PO4, such as lentils and chicken waste, showed low metal sorption, while charcoals low 
in POº such as bladder wrack, horsetail and bracken, had high metal sorption. Further 
to this, a poor correlation was seen in charcoals produced from several plants of the 
same species (stinging nettle), thus removing any interspecies interference. 
Sulphur content in charcoals also produced no correlations, although analysis of sulphur 
content in charcoals after treatment with Cu showed excellent correlation. It should be 
noted that the molar relationship of Cu sorption and S content after treatment was 
approximately 3: 1, this give an indication that precipitation of CuSO4 is account for 
approximately a third ofthe Cu sorption. Release of bound copper at weakly acidic pi I 
conditions supports both precipitation and ion exchange mechanisms. At low pi I there 
will be a greater concentration of' H' ions in solution that will have the ability to 
displace other cations such as Cue as well as dissolving any precipitated CuSO4. 
Analysis of the F, DX and SEM images shows that locations of high Cu intensity in 
nettle charcoal relate strongly to the white crystal structures in the SEM image. The 
strong relationship between Cu, S and 0 and the crystal structures at the sites of Cu 
intensity further suggest that precipitation of CuSO4 at the surface of the charcoal is 
occurring. The high ptI buffering capacity of nettle charcoal could cause localised 
surface pl-I increases that will cause precipitation of metals back to their crystal salt 
forms. Alternatively the increased OH- concentration present to due to the rise in pi I 
could result in the formation of Cu(OH)2 precipitates that could be attracted or held in 
the charcoal structure. Quantitative EDX analysis demonstrated again that precipitation 
as CuSO4 does not account for all adsorbed Cu. Results showed that there is an atomic 
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S: Cu ratio of' I: 10 whereas in CuSO. 1 this is 1: 1, indicating that at the site analysed 
precipitation of'CuSO4 can only account for 10% of the copper present. The remaining 
Cu must either he bound to the charcoal or precipitated in a different form. 
Therefore these findings combined with the strong correlation between pi I buffering, 
capacity and Cu sorption, support both surface precipitation and ion exchange as the 
mechanisms by which nettle charcoal is able to adsorb Cu. This helps to explain why 
no correlations with K. Mio. Ca and other exchangeable elements were Viand by the 
Ll)X analysis because after treatment with Cu these ions will have been exchanged. 
This is further supported by the lack of phosphate and sulphate correlations in the 
source charcoal as well as results from chapter 4. 
5.6 CONCLUSIONS 
Fast growing highly active materials can produce low cost charcoals with high Cu 
sorption capacities. Mechanisms of sorption are unrelated to phosphate and sulphate 
content. In fact ion exchange and surface precipitation are the main mechanisms by 
which Cu is bound. This can explain why excellent correlations were seen between 
charcoal metal sorption capacity and charcoal Mg, K and Ca concentration in chapter 4. 
as these are all highly exchangeable cations. If this is the case then it can be 
hypothesised that the higher Mg, K or Ca concentrations in a charcoal, then the higher 
its metal sorption capacity. As well as ion exchange, surface precipitation was shown 
to account for a signilicant portion of the bound metal; chapter 6 examines these 
findings in further detail 
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CHAPTER 6 
MECHANISMS OF SORPTION BY NOVEL CHARCOALS 
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6 MECHANISMS OF METAL SORPTION BY NOVEL 
CHARCOALS 
6.1 INTRODUCTION 
It Chapter 5 it was shown that several particular source materials can produce non 
activated charcoals with very high metal sorption capacities. Mechanisms behind metal 
sorption by these charcoals were suggested to he due to ion exchange or surtäcc 
precipitation. not the presence of phosphate or sulphate groups in the charcoals. 
Precipitation of metals onto charcoal surfaces is well known and has been utilised for 
the precipitation of gold in ancient times (Gupta 2007). l. eachates from gold ores are 
passed over charcoal which is subsequently burnt away leaving the valuable gold 
behind (Gupta 2007). This process is still used today although solvents are used to 
extract the gold from the charcoal instead of incineration (The Chamber of Mines SA 
2007). 
Ion exchange chemistry of charcoals has been well researched (Singh et al. 1988, US 
Environmental Protection Agency 1981). Ion exchange mechanisms are strongly 
associated with pH and electrostatic effects (Radovic 1999). Ferro-Garcia (1988) used 
three activated charcoals Ior metal sorption, these charcoals were found to buffer water 
to a pI I of between 7.40 and 8.57 (Ferro-Garcia et al. 1988). In chapter 5 we analysed 
various non-activated charcoals in the same way and found that these charcoals raised 
the pi I of RO water to values between 8.57 and 10.58. These non-activated charcoals 
were able to bind over 215 000 mg Cu kg-' and demonstrated a strong correlation 
between metal sorption capacity and pH buffering capacity which is consistent with ion 
exchange chemistry (chapter 5). 
During ion exchange there will be a preference of binding and release of' cations (US 
Environmental Protection Agency 1981). Crist et al. (1994) was able to demonstrate 
how Ca, Mg and Na were released as Cu ions were bound onto an ion exchange 
medium derived from algal cell walls although the tests were not designed to determine 
the order, if'any, by which ions were released. In chapter 4a strong correlation between 
90 
('hapler 0 11cL"hanism. c 0/ Sorption hr. Vovcl (hurroaLý 
K. Mg and Ca content of the charcoal and Cu and Zn adsorption onto the charcoal was 
löund. K, Mg and Ca are all well known as being easily exchangeable ions, but the 
order by which they are exchanged when exposed to a more strongly binding metal is 
not known. 
When charcoal is burnt in the presence of oxygen the carbon structure is oxidized 
forming CO,, CO and 11,0. At the same time any other elements or compounds that are 
flammable or volatile will be oxidised. Therefore, what remains in the ash are 
Compounds or elements with very high 111elting points. These elements include the 
elements that have previously been mentioned in relation to ion exchange, K, Mg. Ca, 
Mg as well as several other elements (Baker 1991). In Chapter 4 elemental analysis of 
sweet chestnut wood charcoal was Undertaken using a method based on aching. 
Analysis successfully identified K, Ca, Mg, P, Mn, Fe, Al. Na, B. Cr, Ni Co and Cd. 
The majority of these elements were present at low concentrations (mean <5 nlniol kg I) 
relative to metal sorption (mean = 156.97 mmol kg-1). In contrast, K, Ca, Mg, P and Mn, 
were found at higher concentrations (> 14.5 mmol kg-1). Analysis of three different 
sweet chestnut charcoal samples in Chapter 5 demonstrated that sulphur content was 
also very low at < I. 2 mnlol kg 1. Therefore ash content and ion exchange capacity are 
correlated but ion exchange could be of ected by the exchange ability of each of the 
elements found in the charcoal. 
So far the research has focused on the sorption of Cu`` and to a lesser extend Zn2 The 
ability of these charcoals to bind more that one metal is very important as most metal 
contaminated sites are polluted with a variety of metals (Dinsdale 2008). 
6.2 AIMS 
This chapter aims to show conclusively that ion exchange is the main mechanism 
responsible for the high sorption capacity of four non-activated charcoals. Further to 
this, experiments were set up to determine the relationship between ash content and 
charcoal sorption capacity. Finally, an experiment was set up to determine the 
preferential release of ions during exposure to Cu or a mixture of metal ions. 
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6.3 MA TERIALS AND METHODS 
6.3.1 RELATIONSHIPS BETWEEN ION CONTENT AND ION EXCHANGE 
WITH METAL SORPTION CAPACITY 
The "ollowin, experiments were designed to investigate if metal sorption can be 
explained by exchange of cationic elements' present in charcoal. 4 different source 
materials vvere chosen. Each material, when charred has a different capacity to adsorb 
heavy metals. Materials were derived from, in order of increasing capacity to adsorb 
metals, oilseed rape (stems and leaves). bladder wrack (entire plant), stinging nettle 
(stems and leaves) and sea-beet (leaves only). For each material three separate samples 
were harvested from three separate sites giving three replicates for each location. After 
harvesting, materials were dried at 80 °C for 48 hours. Each sample was shredded, 
minced and homogenised to create an even mix with <2 mm particle size, samples were 
re dried at 80 °C for a further 48 hours. 
Subsequently a 50.0 g portion of each sample was charred at 450 °C. Weight of 
charcoal produced was determined and thus charcoal yield per gram dry weight plant 
matter could he calculated. 
Dach sample of' charcoal was tested for ('u sorption capacity using the methodologies 
described in 2.1,2.2 and 2.3. In brief, charcoal was ground to < 0.5 mm in size. Metal 
sorption was determined in duplicate by treating 0.5 g of each charcoal with 250 cm; of 
400 mg I. 1 Cu solution made from CuSO4 salt for 48 hours at 20 °C and shaking at 180 
rpm. Samples were subsequently filtered, dried and analysed by ICP-OES. The dried 
plant matter and untreated charcoals were also analysed allowing ion content, loss of 
ions during charring as well as exchange of ions to be calculated for each sample. 
Results were converted from mg kg"' to molar g of charge. Thus correlations between 
ion content and ion exchange against metal sorption capacity were calculated. 
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6.3.2 RELATIONSHIP BETWEEN ASH CONTENT OF NON- WOODY PLANTS 
AND METAL SORPTION CAPACITY 
Ash from organic materials is made up of' several elements that cannot he combusted 
predominately in wood these are Ca, Mg and P. but other elements with high melting 
point could also be present such as Si, Na, K and S (Baker 1991). It has been shown that 
several of these ions are responsible for metal sorption capacity and in fact their content 
in source material correlates with sorption capacity. Therefore measurement of ash 
content could he used to determine metal sorption capacity. In this experiment. 10 
different source materials were charred at 450 T. "These materials included 2 tree 
species (oak and sweet chestnut), one grass (Rye grass), a fern: leaves and stems 
(Bracken), a macro-algae (bladder wrack), one bulb (garlic), oil seed rape, stinging 
nettle and sea beet leaves. ()f these, rye grass is known to contain a large amount of Si, 
while bladder wrack has a high free sodium concentration in its vacuoles to allow it to 
maintain cell turgor in the salty environment where they grow. 
To determine the ash content of the different charcoals, 1.0 g charcoal derived from 
each of the different plant species was placed in a pre-weighed crucible and heated to 
550 °C' for 12 hours. Ash content was expressed as a percentage of the original charcoal 
weight. 
6.3.3 ORDER OF CATION RELEASE DURING METAL SORPTION 
Due to the different ionic chemistries of ions it is possible that there is a specific order 
of exchanged of ions as metals hind. Therefore a column experiment was setup using 
the methodology described in 2.21 to monitor metal removal from a solution as well as 
ion release from the charcoal. In brief, a5 cm diameter glass column was packed with 
10 g of a 50: 50 (w/w) mixture of charcoal derived from stinging nettle and bladder 
wrack. A 1000 mg Cu L-' solution was passed through the column at a rate of 10 cm3 
per minute. Samples of column filtrate were taken every 5 minutes for the first 50 
minutes and then every 50 minutes thereafter. Sampling was continued until Cu started 
to break through (visible as a blue haze in the solution). Each sample was analysed for 
Cu, and exchanged cations (K, Ca, Mg etc) using ICN-OES. Doing this, it was possible 
to obtain the sequence of ions that were exchanged from the charcoal. 
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6.3.4 EFFECT OF MIXED METAL SORPTIONAND DISPLACEMENT OF 
BOUND METALS 
So far experiments have focused on the interactions of a single metal onto charcoal. As 
such experiments were setup to examine the effects of treating charcoal with multiple 
metals at the same time. Also investigated were the effects oftreating charcoal with one 
metal Ibllowed by another. This way it could be seen if the second metal is able to 
displace alrcadý hound metals. 
6.3.4.1 Sorption Capacity of Stinging Nettle Charcoal to Individual metals; 
Copper, Zinc, Iron and Mercury 
A sorption experiment was setup to determine sorption capacity of nettle charcoal for 
three different metals individually. In triplicate 0.5 g samples of stinging nettle charcoal 
were treated with 250 cm 400 mg l: 
' metal solution made from CuSO4, ZnSO. i. FeSO4 
or I IgCI2. Samples were shaken at 180 rpm and 20 °C for 48 hours. Samples for Cu, 
Zn and Fe were subsequently filtered, dried, ashed and digested, then analysed by 
FAAS fier metal content using the methodology described in 2.8.1. Samples for Hg 
analyses were wet digested and analysed by CVAAS using the methodologies described 
in 2.4.2 and 2.10.1. 
6.3.4.2 Sorption Capacity of Stinging Nettle Charcoal Mixed Metals; Iron, 
Copper and Zinc 
A sorption experiment was setup using a cocktail of three metals, in triplicate 0.5 g 
samples of stinging nettle charcoal were soaked in 750 cm; of solution containing 133 
mg L-1 Fe, Cu and %n. Samples were shaken at 180 rpm at 20 °C for 7 days, after which 
samples were filtered, dried, ached and digested, then analysed by FAAS for metal 
content using, the methodology described in 2.8.1. 
6.3.4.3 Effect of Two Stage Metal Treatment on the Sorption of Iron, Copper 
and Zinc onto Stinging Nettle Charcoal 
A sorption experiment was setup to determine the effect of treating charcoal twice with 
different metal solutions. Firstly 0.5 g samples of stinging nettle charcoal were treated 
with 250 cm' 400 mg L-] metal solution made from CuSO. i. ZnSO4 or FeSO4. Samples 
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were shaken at 180 rpm at 20 °C li)r 48 hours and subsequently filtered and dryed using 
the methodologies described in 2. I. 2.2 and 2.3. Fach sample was then treated a second 
time with a different metal solution in the same way. Thus nettle charcoal was treated 
in the fOllowin ways; Cu then 7, n, Cu then Fe, Fe then Cu, Fe then /n. 7. n then Cu, In 
then Fe. Samples were subsequently filtered, dried, ached and digested, then analysed 
by FAAS For metal content using the methodology described in 2.8.1. 
6.3.5 STATISTICAL ANALYSIS 
In data sets with Gaussian distributions, differences between means were analysed using 
paired or non-paired students t-test. Non Gaussian data was normalised by conversion 
to Login scale and retested. Linear correlations were determined using Pearson's rank 
test on data with Gaussian distribution and Spearman's rank test on non Gaussian data. 
These tests were carried out using GraphPad InStat version 3 (GraphPad Software. 
2005). 
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6.4 RESULTS 
6.4.1 RELATIONSHIPS BETWEEN ION CONTENT AND ION EXCHANGE 
WITH METAL SORPTION CAPACITY 
Results were obtained from the ICP-OES analysis of the charcoals and source materials 
for the following elements, K, Mg, Ca, P, Al, Mn, Fe, Na, B, Cu, Ba, Cd, Cr, Co, Ni, Pb 
and S. Of these elements only K, Mg, Ca, Na, and S were found at concentrations above 
500 mg kg -1 as such it was assumed that only these elements would have the potential 
for significantly affecting the Cu sorption capacity. Therefore only results for these 
elements are presented. 
Figure 6.1 A and Figure 6.1 B show the concentrations of K, Mg, Ca and Na in the 
charcoals and the source material from which they were made. Due to the loss of 
weight during the charring process, charcoal values were adjusted to mg kg' source 
material to allow direct comparison. Results show that K was high in all charcoals 
whereas Mg was found in much lower concentrations. Sea beet and bladder wrack both 
showed high levels of Na but very low Ca, in contrast rape and stinging nettle had low 
Na but high Ca. Analysis also shows that there is a small but significant loss of ions 
during the charring process P <0.0005 (paired t-test), on average 15.3% is lost (with a 
standard error of 1.5%) 
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FIGURE 6.1 CONCENTRATION OF KEY ELEMENTS (K, Ca, Mg AND Na) IN PLANT 
MATERIAL (A) BEFORE AND (B) AFTER CHARRING IN BLADDER WRACK, SEA BEET, 
OIL SEED RAPE AND STINGING NETTLE. CONCENTRATIONS IN CHARRED MATERIAL 
WERE ADJUSTED IN ACCOUNT OF THE LOSS OF WEIGHT AS A RESULT OF THE 
CHARRING PROCESS. Cu SORPTION OF CHARRED MATERIALS IS SHOWN FOR 
COMPARISON. 
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Figure 6.2A and 6.2B show Cu sorption vs S content of bladder wrack, sea beet, rape 
and stinging nettle charcoals. It can be seen that S content of sea beet, rape and nettle is 
relatively low, generally <50 cmol kg-' whereas in bladder wrack it is as high as 180 
cmol kg'. These graphs also demonstrate that Cu sorption capacity is slightly but 
significantly reduced when using Cu(N03)2 compared with CuSO4 (P <0.05). 
Figure 6.3A and 6.3B show the change in S content in charcoal after treatment with Cu 
solution. In both cases (when CuSO4 or Cu(N03)2 is used) bladder wrack charcoal 
shows a significant loss of S (CuSO4 ANOVA P <0.001; Cu(N03)2 ANOVA P <0.001). 
Sea beet shows a significant increase in S when CuSO4 is used but no significant loss or 
gain when Cu(N03)2 is used (CuSO4 ANOVA P <0.001; Cu(N03)2 ANOVA P >0.05). 
Rape shows no significant loss or gain in S content when CuSO4 is used but a 
significant loss is seen when Cu(N03)2 is used (CuS04 ANOVA P >0.05; Cu(N03)2 
ANOVA P <0.05). Nettle shows a significant increase in S when CuSO4 is used but a 
significant loss is seen when Cu(N03)2 is used (CuSO4 ANOVA P <0.001; Cu(N03)2 
ANOVA P <0.001). 
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FIGURE 6.2 Cu SORPTION VS S CONTENT OF BLADDER WRACK, SEA BEET, RAPE AND 
STINGING NETTLE CHARCOALS. 
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FIGURE 6.3 CHANGE IN S CONTENT AFTER TREATMENT WITH DIFFERENT Cu 
SOLUTIONS (6.3A CuSO4, Cu(NO2)3). 
Figure 6.4A and Figure 6.5A show that sea beet, rape and stinging nettle together 
showed good correlations of ion content in source material and charcoal vs. Cu sorption 
capacity with R2 values of 0.75 (P < 0.0005) and 0.74 (P < 0.0001) respectively, the 
addition of bladder wrack resulted in no correlation with R2 values of 0.19 (P > 0.05) 
and 0.43 (P <0.05) (Figure 6.4B and 6.5B). 
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Figure 6.6A shows that ion exchange against Cu sorption of sea beet, rape and nettle 
correlated significantly (R2 = 0.90, p< 0.0001). Again when including bladder wrack a 
weaker correlation is seen, with an R2 value of 0.58 (P > 0.05). 
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FIGURE 6.6 CORRELATION BETWEEN CHARGE OF CHANGE IN SELECTED IONS 
AND CHARGE OF BOUND COPPER IONS USING CHARCOALS DERIVED FROM 
DIFFERENT SOURCE MATERIALS. FIGURE 6.6A INCLUDES ALL SAMPLES; FIGURE 
6.68 EXCLUDES BLADDER WRACK 
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6.4.2 RELATIONSIIIP BETWEEN ASH CONTENT OF NON-WOODY PLANTS 
AND METAL SORPTION CAPACITY 
Table 6.1 shows ash content and Cu sorption capacity for several charcoals. Analysis 
shows that ash content correlates positively with Cu sorption capacity (R2 0.71, P 
<0.001). Charcoals with ash contents above 40% were able to bind over 10% of their 
weight in Cu. 
TABLE 6.1 RELATIONSHIP BETWEEN ASH CONTENT AND COPPER SORPTION 
CAPACITY OF CHARCOALS PRODUCED FROM A RANGE OF SOURCE MATERIALS. 
Source material 
Cu Sorption 
(mg kg' ) Ash (%) 
Oak 5980 1.50 
Sweet Chestnut Outer 5173 1.91 
Rye 24770 20.90 
Bracken Stems 47670 11.13 
Rape 63580 32.1 
Bracken Leaf 66000 20.19 
Garlic 75000 9.38 
Bladder Wrack 113872 54.7 
Nettle 133460 43.6 
Seabeet 181304 46.6 
R`=0.71 
6.4.3 ORDER OF CATION RELEASE DURING METAL SORPTION 
Figure 6.7 shows the concentration of K, Ca, Mg and Cu in column extract solution. 
Initially K is heavily released followed by Ca and Mg. Cu concentration remains low 
throughout the sampling period. 
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FIGURE 6.7 CUMULATIVE CONCENTRATIONS OF Cu, K, Ca, Mg AND Na IN 
FILTRATE FROM A Cu SOLUTION CONTAINING 500 mg Cu2+ kg"' THAT WAS PASSED 
THROUGH A5 cm DIAMETER GLASS COLUMN PACKED WITH 10 g OF A 50: 50 MIX OF 
CHARCOAL DERIVED FROM STINGING NETTLE AND BLADDER WRACK. (N=1). 
6.4.4 EFFECT OF MIXED METAL SORPTION AND DISPLACEMENT OF 
BOUND METALS 
Figure 6.8 shows sorption of Zn, Cu, Fe and Hg onto stinging nettle charcoal, highest 
sorption capacity is by Hg followed by Fe, Cu and finally Zn. Hg and Fe binding is not 
significantly different although Fe and Cu, as well as Cu and Zn are significantly 
different (ANOVA P >0.05; P <0.01; P <0.01). 
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FIGURE 6.8 SUMMARY OF SORPTION OF Zn, Cu, Fe AND Hg ONTO STINGING 
NETTLE CHARCOAL. (N=3). 
Figure 6.9 shows the sorption of Fe, Cu and Zn. Fe binds significantly more readily 
than Cu and Zn (ANOVA P <0.001), Cu binding is not shown to be significantly more 
than Zn binding. 
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FIGURE 6.9 SORPTION OF Fe, Cu AND Zn TO STINGING NETTLE CHARCOAL. 
CHARCOAL INTRODUCED TO 750 cm3 OF SOLUTION CONTAINING 250 mg L"1 OF EACH 
METAL AND SHAKEN AT 180 RPM FOR 48 HOURS. (N=3). 
Figure 6.10 shows the binding preference for metals by the charcoals, which is 
unaffected whether another metal has already been introduced to the charcoal. Metals 
behave according to the same order of reactivity as seen in previous experiments with 
Fe binding significantly more followed by Cu then Zn (all P values <=0.05). 
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FIGURE 6.10 SORPTION OF METALS ONTO STINGING NETTLE CHARCOAL AFTER A 
TWO STAGE TREATMENT WITH METAL SOLUTIONS. A 0.5 g SAMPLE OF CHARCOAL 
WAS TREATED WITH 250 cm3 250 mg L" METAL SOLUTION, FILTERED AND TREATED 
WITH A SECOND METAL SOLUTION. SAMPLES WERE SHAKEN AT 180 RPM FOR 48 
HOURS FOR EACH TREATMENT. (N=3). 
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6.5 DISCUSSION 
K, Mg, Ca and Na. were shown to he ions of most interest in relation to metal sorption 
capacity. In rape, sea beet and nettle materials, K, Mg, Ca and Na were fMind in 
concentrations relative to that of Cu sorption capacity and they were readily exchanged 
for Cu giving excellent correlations between sorption capacities against total ion 
exchange. Bladder wrack did not fit this pattern due to a very high Na ion content. 
Bladder wrack has a high Na ion content as it like many other marine organisms utilises 
Na salts to maintain cell turgor in the salty marine water in which it grovvs (Kirst I990). 
Interestingly the sum total moles ol'the significant ions exchanged (K, Mg. ('a and Na) 
compared to the total moles Cu hound was comparable in all charcoals tested except 
Bladder wrack, this further confirms ion exchange as the key mechanism of metal 
sorption but that not all Na in Bladder wrack is exchanged for Cu ions. Individually 
materials showed poor correlations suggesting there are significant inter species 
variations. 
It is not possible to say whether the exchange of K, Mg, Ca and Na occurring in the 
charcoals is due to displacement by Cu 2+ or by II. It has been shown that the charcoals 
can significantly increase the pl-I of water which is achieved through the removal of I I' 
ions from the solution, leading to an increase in free OH-. If this is also occurring in the 
presence of metals such as Cu. then the free OH- groups could form Cu(Otl), which 
will precipitate. If this process is occurring and the precipitates are trapped or attracted 
to the charcoal surface they will be removed from solution. 
Nettle charcoal was shown to rapidly remove Cu from solution as it passed over a 
packed charcoal column, indicating it could well be used for reactive barriers or in 
water filtration systems where metals are a problem. The order of released ions during 
Cu sorption demonstrated clearly the preference of cations during ion exchange in nettle 
charcoal being K, Ca, Mg and then Na, this corresponds directly with the order of ion 
exchange for these elements. 
The charring process results in a small but significant loss of K, Mg, Na, and Ca ions 
this is to be expected as the process drives off many complex compounds that may well 
contain small amounts of these ions. 
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Thus sorption capacity in the charcoals tested is thought to be due to exchange or K, ('a, 
Mg and Na, these elements amongst others are found in the charcoals ash. Ash content 
as weight directly correlated to Cu sorption capacity. In this way ash content can be 
used as a quick and easy way to measure potentially exchangeable elements in charcoals 
and thus as a measure of their potential metal sorption capacity. It should he noted that 
many elements in the ash might not be exchangeable in the charcoals for example it was 
round that Si is not important in ion exchange but this is often frond in relatively hiZgh 
concentrations in materials such as nettle and bracken, as such this Ravi A'screcning is 
likely to he relatively inaccurate at times. Therefore if this method of screening is used 
its limitations should be understood. 
Nettle charcoal's ahility to hind a range of metals was demonstrated. In mixed metal 
situations there was a strong preference of binding for certain metals. In tact. metals 
were easily displaced even after binding if a second metal was introduced. All metals 
bound in order of ion-exchange equilibria (Zn<Cu<Fe<Hg) (Singh et al. I988). 
6.6 CONCLUSIONS 
This chapter shows that cation exchange is the main mechanism for metal sorption in 
the charcoals examined. Further to this, K. Ca, Mg and Na are the most important 
exchange elements and exchange order in nettle and sea beet charcoal has been show to 
start with K, followed by Ca, Mg and then Na. 
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7 ABILITY OF CHARCOAL TO REMEDIATE 
CONTAMINATED SOIL 
7.1 INTRODUCTION 
Soil contamination by heavy metals, including arsenic is the result of various 
industrial activities, in particular the mining of tin, copper, arsenic and other valuable 
elements which has occurred historically throughout the south wcst of' I : ngland. 
These industries have left considerable amounts of metal containing waste in the form 
of spoil heaps (Rieuwerts et al. 2006). 
Several studies ftLind that the effects of contaminated spoil heaps are not isolated to 
the heap itself, bitt through erosion and water rein-off contamination has spread to 
surrounding soil, stream sediments, freshwater, house dust, and even into human hair 
and urine (Aston et al. 1975, Hamilton 2000, Penalosa et al. 2007, Rieuwerts et al. 
2006). These issues therefore make stabilisation of these spoil heaps particularly 
important. 
Various options present themselves to remediate these sites. Reasonable success has 
been achieved using hyper-accumulators (plants that can naturally take up large 
concentrations of various heavy metals as well as arsenic). Furthermore, plant roots 
will stabilise the soil, preventing erosion by water and wind. Unfortunately, in many 
spoil heaps the 'soil' has extremely low organic matter content, poor water holding 
capacity, extremely low pH and generally poor soil structure making it difficult for 
vegetation to grow on these sites. The Tarnar valley has over one hundred abandoned 
mine sites with extensive spoil heaps left from copper. lead and later arsenic 
extraction which went on in these locations until the early 20th century, until mining 
became unecononical. In these situations the 'soil' environment needs to be 
improved before plants can be established. Charcoal has been shown to significantly 
improve soil fertility in Amazonian environments as well as reducing nutrient 
leaching and improving general soil quality (Glaser et al. 2001; Glaser et al. 2002). 
Work in this thesis has also shown that charcoals produced from a variety of plants 
have the ability to bind heavy metals and increase pH, offering potential tör the 
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rernediation of metal contaminated soil. It was expected that improved soil conditions 
will allow the growth of'hyper-accumulator plants such as sunflower to mop up any 
remaining available contaminants such as arsenic which may not be bound by the 
charcoal especially 1f it is in its anionic state. 
7.2 AIMS 
The research presented in this chapter aims to test the ability of charcoal amendments 
to rcn ediatc mrtal cuntaminatcd soils by binding available metals li-om soil. restoring 
microbial activity and promoting plant growth. 
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7.3 MATERIALS AND METHODS 
7.3.1 METAL CONTAMINATED SOIL 
Metal contaminated mining spoilage was collected from a former copper mine site 
situated in the Tamar Valley (Dartmoor, England). The spoil material was passed 
through a2 mm sieve hefore use, to remove any large stones. This material was 
analysed for extractable metals, available Mg, P and K as well as pI f and organic 
matter content by NRM Ltd (Table 7.1). 
TABLE: 7.1 SEI. F. C"I'EU PIIYSIOCHE\IICAL PROPERTIES AND \II('RONIF I RIE: NT 
ANAINSIS OF TIN MINING SPOIL FROM THE TAMAR VALLEI' SOIL. 
Total Metals (dry weight mg kg") 
Copper 1641 
Zinc 47.2 
Lead 189 
Cadmium 813 
Chromium 33.8 
Arsenic 34470 
EDTA Extractable Metals (mg L-') 
Copper 18.2 
Zinc 0.8 
DPTA Extractable Metals (mg L') 
Iron 274.6 
Manganese 1 1.1 1 
Cation Availability (mg L') 
Phosphorus 16.6 
Potassium 29 
Magnesium 12 
pH 3.2 
anic Matter 0.9% 
7.3.2 PREPARATION OF PLANT GROWTH MEDIUM 
To create a plant growth medium (subsequently termed 'soil') from the spoil material, 
the spoil material was mixed with an equal volume of perlite (< 2 mm diameter). 
Perlite is chemically inert and does not adsorb metals, nor does it act as a plant 
fertiliser. However, it is used as a soil amendment because it has a good water 
holding capacity and improves aeration of the plant growth medium. The pi I of this 
mixture (from now on termed 'soil') was determined in I : 10 soil/water suspensions 
using the methodology described in 2.19. Culturable bacterial numbers were 
determined in triplicate using the methodology described in 2.17. In brief, I. 0 g soil 
(dry weight) was mixed with 9.0 mL '/n strength Ringer's solutions using it Whirly 
mixer for I minute. Subsequently, a ten fold serial dilution series (I0-1 -- I0-) was 
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prepared in '/4 strength Ringer's and 0.1 rnL of each dilution was plated onto 
strength I'yptone Soya Agar (TSA). Plates were incubated for 4 days at 20 "C' before 
colonies were counted. Plates containing between 20 and 200 colonies were used to 
calculate the number of cfu g-1 dry soil. 
7.3.3 EFFECT OF CHARCOAL AMENDMENTS ON LEACHABLE MET4LS 
AND SOIL PH. 
Batch leaching experiments were performed to assess water soluble metals using the 
methodology described in 2.7. The same soil mixes were initially tested as those used 
in subsequent pot trials. At the end of the pot trials the pot soil itself was also tested. 
In brief, a 20 g sample (dry weight) of soil was placed in a 250 cm' conical flask. To 
each mixture 200 cm' ofCO2 saturated deionised water was added. Flasks were 
shaken at 200 rpm for 24 hours. After shaking, the supernatant was filtered and 
analysed by AA for Copper, Zinc and Arsenic. The pH of each solution was 
determined using the methodology described in 2.19. 
7 
. 
3.4 EFFECT OF CHARCOAL ON PLANT GROWTH AND METAL UPTAKE 
Soil amendments used in this study were: stinging nettle charcoal, sNtieet chestnut 
charcoal and perlite (Control). Stinging nettle charcoal was produced from the stems 
and leaves ot'healthy stinging nettles (Urtica ciiocia). Sweet chestnut charcoal was 
produced from 2-year-old sweet chestnut stems (Castana saliva) harvested from a 
coppice stand in summer. All plant materials were dried and charred using the 
methodology described in 2.2. Charcoal lumps were ground and sieved to <2 mm in 
size. Charcoal amendments were added to the soil in the concentrations presented in 
Table 7.2. 
TABLE 7.2 CHARCOAL AND PERLITE AMENDMENTS. 
Additions Soil Charcoal Perlite 
4% Charcoal 96 4.0 0.0 
2.0% Charcoal 96 2.0 2.0 
1.0% Charcoal 96 1.0 3.0 
0.4% Charcoal 96 0.4 3.6 
0% Charcoal 96 0.0 4.0 
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Each ol'the soil amendments was thoroughly mixed with soil prior to use. Pots (500 
cm 10 cm diameter) were filled with 400 g treated soil. For each treatment three 
replicates were used. To each pot, 5.0 g of slow release fertiliser was sprinkled on top 
to provide sufficient nutrients for plant growth. Pots were placed in a growth 
chamber (Vindon Scientil is 8194 Growth Cabinet) set at 20 °C and 60 % relative 
humidity with a 16 hour light. 8 hour dark cycle in a fully randomised design. After 
one week, three sunflower seeds (Elite Sun F l) were sown at a depth of I cm. 
Fourteen days alter planting. seedlings were thinned to one per pot. the tallest 
seedling was used for further experinmentation. This was recorded as time= 0. Plant 
height was measured every 5 days during the experiment from the soil level to the 
highest point olgrowth. Plants were watered as required, with tap water from above. 
After 40 days, plants were harvested by carefully washing the roots with RO water to 
remove any adhering soil. Plants were dried at 60°C for 24 hours after which time the 
roots were separated from the stems and weighed separately. Uptake of nmetals was 
determined by digesting the plant material using a non ashing low temperature mixed 
acid digestion using the methodology described in 2.4.2. The digest of each sample 
was analysed using atomic absorption hydride generation spectroscopy (AAl IGS) for 
As using the methodology described in 2.9.1 and by FAAS for Cu using the 
methodology described 2.8.1. After harvest final soil pH, culturable bacterial 
numbers and leachable metals were determined using the methodologies described in 
2.19,2.17 and 2.7 respectively. 
7.3.5 EFFECT OF CHARCOAL AMENDMENTS ON MICROBIAL ACTIVITY 
To measure the effect of different charcoal amendments on microbial activity, 250 
cm; conical flasks were setup in triplicate with 200 g of each of the soil treatments 
presented in Table 7.2. To each flask, 2.0 g finely ground straw was added to act as a 
carbon source. An inoculuun consisting of a mixed soil bacterial community was 
created by mixing 25.0 g fresh garden soil with 225 ml, Ringer's solution. This 
suspension was shaken for 30 minutes at 150 rpm on a rotary shaker to bring bacteria 
associated with the soil into suspension. The sand and silt fraction was allowed to 
settle iör 20 minutes then the supernatant was drawn off to create a bacterial 
suspension with some clay material. A 5.0 ml- sample of this soil bacterial suspension 
was added to each flask. All flasks were sealed with gas exchange bungs to retain 
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moisture hurt allow gas movement. Flasks were left for 24 hours to stahilise after 
which they were analysed for CO2 production/hour on days I, 5,8,11 and 18 using, 
the methodology described in 2.16. Flasks were incubated at 20 °C for 36 days. Alter 
18 days, 2.0 g of'slow release all purpose plant food (Miracle Gro) was added to each 
flask to provide extra nutrients in-particular a nitrogen source as microbial activity 
previous to this point had been minimal. At 36 days the culturable microbial 
population was assessed using the methodology described in 2.17. 
7.3.6 STATISTICAL ANALYSIS 
In data sets with Gaussian distributions, differences between means were analysed 
using paired or non-paired students t-test. Non Gaussian data was normalised by 
conversion to Loge scale and retested. These tests were carried out using GraphPad 
InStat version 3 (GraphPad Software, 2005). 
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7.4 RESULTS 
7.4.1 EFFECT OF CHARCOAL ON PLANT GROWTH AND METAL UPTAKE 
7.4.1.1 Effect of charcoal amendments on plant growth - stem height 
After 40 days growth, pots with nettle charcoal amendments produced plants that 
were between 2 and 2.5x higher than plants in the control treatments that received no 
charcoal. There were no significant differences between pots with 0.4.1.0,2.0 and 
4.0 % (w/w) nettle charcoal amendments after 40 days (Y < 0.05) (Figure 7.1). 
Addition oF0.4 "%, nettle charcoal to soil resulted in a significant (P < 0.05) increase in 
stem height after 15 days. All subsequent measurements also showed sionif icant 
increases in stem height when 0.4% nettle charcoal was added. 
After 40 days growth. pots with sweet chestnut charcoal amendments produced plants 
that were between 1.3 and I. 7x higher than those of the controls (P < 0.05). There 
were no sionilicant differences between plants that were grown for 40 days in soil 
with 0.4,1.0,2.0 and 4.0 % sweet chestnut charcoal (Figure 7.1). Addition of 0.4 `% 
sweet chestnut charcoal to soil significantly increased stem height after 20 days (p -- 
0.05). All subsequent measurements showed significant increases in stem height with 
the 0.4 % sweet chestnut charcoal amendment. 
Pots amended with nettle charcoal on average resulted in plants 147 % higher than 
pots amended with sweet chestnut charcoal (P < 0.0001). Greatest differences were 
seen at 1.0 % amendment rates (176 % increase, P<0.001) and smallest differences 
at 4.0 % amendment rates (127 %, P<0.05). 
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FIGURE 7.1 SUNFLOWER STEM HEIGHT OF PLANTS GROWN FOR 40 DAYS IN 
METAL CONTAMINATED SOIL AMENDED WITH DIFFERENT CONCENTRATIONS (0.4 
- 4% WIW) OF (A) 
NETTLE CHARCOAL AND (B) SWEET CHESTNUT CHARCOAL. 
PLANTS WERE GROWN IN A GROWTH CABINET AT 20 °C SET AT A 16 HOUR PHOTO- 
PERIOD. N=3. ERROR BARS SHOW STANDARD ERROR. 
7.4.1.2 Effect of charcoal amendments on plant growth - biomass 
All the tested rates of nettle charcoal additions to metal contaminated soil restored soil 
fertility and resulted in plants that were significantly heavier after 40 days growth 
compared to the non-amended controls. In general, a higher amendment rate resulted 
in heavier plants (P < 0.05). Amendments of 0.4 % (w/w) nettle charcoal resulted in 
plants that were 8x heavier than the control plants (P < 0.001), those that received I 
and 2% (w/w) nettle charcoal had plants that were l Ox heavier than the controls (P < 
0.001), while those that received 4% nettle charcoal had plants that were 20x heavier 
than the controls (P < 0.001) (Figure 7.2). The same differences were determined for 
both root and shoot biomass (Figure 7.2). 
Effects of sweet chestnut charcoal on plant biomass production were less pronounced 
than those determined for nettle charcoal (P < 0.05). After 40 days, plants grown in 
soils amended with sweet chestnut charcoal were between 2x and 5.5x heavier than 
those of the control (P < 0.05). There were no significant differences between plant 
weights when the different sweet chestnut charcoal amendment rates were compared. 
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FIGURE 7.2 SUNFLOWER DRY BIOMASS OF PLANTS GROWN FOR 40 DAYS IN 
METAL CONTAMINATED SOIL AMENDED WITH DIFFERENT CONCENTRATIONS (0.4 
- 4% WIW) OF (A) NETTLE 
CHARCOAL AND (B) SWEET CHESTNUT CHARCOAL. 
PLANTS WERE GROWN IN A GROWTH CABINET AT 20 °C SET AT A 16 HOUR PHOTO- 
PERIOD. N=3. ERROR BARS SHOW STANDARD ERROR. 
7.4.1.3 Effect of charcoal on reducing metal-toxicity symptoms 
Images 7.1 and 7.2 show the toxic effects of the soil on the sunflowers after 40 days. 
Control plants showed significant yellowing and extremely stunted growth. Plants 
grown in pots with nettle charcoal amendments looked much healthier with only 
limited yellowing and browning of leaves. Sweet chestnut charcoal amended pots 
showed more signs of toxicity with increased yellowing and browning of leaves, as 
well as smaller leaves and more stunted growth. 
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IMAGE 7.1 SUNFLOWER GROWTH AFTER 40 DAYS INCUBATION IN SOIL WITH 
DIFFERENT CONCENTRATIONS OF NETTLE CHARCOAL. N=3. 
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DIFFERENT CONCENTRATIONS OF SWEET CHESTNUT CHARCOAL. N=3. 
7.4.2 EFFECT OF CHARCOAL AMENDMENTS ON LEACHABLE METAL 
CONCENTRATIONS 
7.4.2.1 Copper 
The initial batch leaching results from soils mixes used for the pot trials show clearly 
that Cu24 from the soil was significantly reduced by both charcoal amendments. An 
addition of as little as 0.2 % nettle charcoal significantly decreased leaching of Cu 2+ 
ions by 80 % (P<0.01) and an addition of 0.4 % nettle charcoal or more decreased 
leaching to below detectable limits (Figure 7.3a). Additions of sweet chestnut 
charcoal to metal contaminated soil needed to be greater than 2% to reduce leaching 
of Cue ions by > 50% (P<0.01). 
Analysis of soil lcachates after the 40 day pot trial showed that the amount of 
leachable Cu"- was heavily reduced when nettle charcoal was added to metal 
contaminated soil. Leaching was reduced by 80,90,99 and 100 % when 0.4,1,2 and 
4% (w/w) nettle charcoal was added to metal contaminated soil (P < 0.001) (Figure 
7.3b). Forty days after amendment of metal contaminated soil with sweet chestnut 
charcoal reductions in leaching of 50,60,75 and 85 % were determined when rates of 
0.4,1,2 and 4% (w/w) sweet chestnut charcoal were added to the soil respectively (P 
< 0.05) (Figure 7.3b). 
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FIGURE 7.3 Cu2+ CONCENTRATIONS LEACHED FROM METAL CONTAMINATED 
SOIL AMENDED WITH DIFFERENT CONCENTRATIONS (0.4 -4%) OF NETTLE AND 
SWEET CHESTNUT CHARCOAL (A) BEFORE AND (B) AFTER A 40 DAY POT TRAIL. 
LEACHATE WAS EXTRACTED BY SHAKING 20 GRAMS SOIL FOR 24 HOURS IN 200 cm3 
DISTILLED H2O AT 100 RPM. RESULTS DISPLAYED As Mg Cu2+ kg' SOIL AT A 
LIQUID/SOLID RATIO OF 10. N=3. ERROR BARS SHOW STANDARD ERROR. 
7.4.2.2 Arsenic 
Whereas there was no leaching of Arsenate in the non-amended soils, amendment of 
metal contaminated soil with nettle charcoal resulted in increasing amounts of As 
being leached from the soil matrix (up to 65 µg As kg-' at an amendment rate of 4% 
(w/w)) immediately after the charcoal was added to the soil (Figure 7.4a). 
Amendment with sweet chestnut charcoal did not result in the mobilisation of As 
initially. 
After the 40 day pot trial all charcoal amendments reduced As leaching compared to 
the non-amended soil, with charcoal amendments of 4.0 % (w/w) reducing As 
leaching by as much as 60 - 70 % both in the nettle charcoal and sweet chestnut 
charcoal amended soils (P<0.05) (Figure 7.4b). 
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FIGURE 7.4 As IN SOIL LEACHATE FROM SOIL AMENDED WITH DIFFERENT 
CONCENTRATIONS OF NETTLE AND SWEET CHESTNUT CHARCOAL (A) BEFORE 
AND (B) AFTER A 40 DAY POT TRIAL. LEACHATE WAS EXTRACTED BY SHAKING 20 
GRAMS SOIL FOR 24 HOURS IN 200 cm3 DISTILLED H2O AT 100 RPM. RESULTS 
DISPLAYED AS µg As LEACHED kg'' SOIL AT A LIQUID/SOLID RATIO OF 10. N=3. 
ERROR BARS SHOW STANDARD ERROR. 
Concentrations of As in plants per gram dry weight did not vary significantly for all 
samples, but as total plant weights increased with charcoal amendment more As was 
removed from the soil by the plants at the higher charcoal amendments (Table 7.3). 
TABLE 7.3 ARSENIC IN SUNFLOWER PLANTS AFTER GROWTH FOR 40 DAYS IN 
SOIL AMENDED WITH DIFFERENT CONCENTRATIONS OF NETTLE AND SWEET 
CHESTNUT CHARCOAL. N=3. 
Soil Amendment ug AsIg Biomass Total Biomass (g) uJ 
As in Total St Err Biomass 
Control 0.0% 614.85 0.19 111.13 10.07 
0.4% 594.86 1.32 753.57 144.12 
Nettle 1.0% 636.64 2.15 1380.36 196.51 
Charcoal 2.0% 612.05 2.10 1282.52 117.37 
4.0% 467.39 2.84 1328.35 230.56 
Sweet 0.4% 897.10 0.43 367.83 31.80 
Chestnut 1.0% 752.36 0.58 364.89 32.51 
Charcoal 2.0% 409.68 1.01 413.53 20.85 
4.0% 566.57 1.06 586.81 107.92 
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7.4.2.3 Effect of charcoal amendments on soil pH 
Addition of nettle charcoal to metal contaminated soil resulted in an immediate pH 
rise. Nettle charcoal amendments of 0.2,0.4,1,2 % by weight resulted in pH rises 
from 3.31 to 4.02,7.05, and 7.75 respectively (P < 0.01) (Figure 7.5a). Addition of 2 
(w/w) of sweet chestnut charcoal to metal contaminated soil did result in a small 
pH rise from 3.31 to 3.96 (P < 0.01). 
The soil pH values after the 40 day pot trial were all above 5.00 including the control. 
Addition of 0.4 % nettle charcoal increased soil pH from 5.00 to 5.55 (P<0.01), while 
amendments with 2% and 4% (w/w) nettle charcoal raised the soil pH to 6.83 
(Figure 7.5b). Only an addition of 4% (w/w) sweet chestnut charcoal raises the soil 
pH significantly compared to the control to a value of 5.52 (P<0.01). 
NOUN Charcoal 9 NOWO Charcoal 
Sweet Chestnut Charcoal Sweet Chestnut Charcoal 
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ýeý 
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(a) Before Pot Trial (b) After Pot Trial 
FIGURE 7.5 pH OF METAL CONTAMINATED SOIL AMENDED WITH DIFFERENT 
CONCENTRATIONS (0.2 - 4% (W/W)) OF NETTLE AND SWEET CHESTNUT CHARCOAL 
(A) BEFORE AND (B) AFTER A 40 DAYS AFTER AMENDMENT. N=3. ERROR BARS 
SHOW STANDARD ERROR. 
7.4.2.4 Effect of charcoal additions on culturable microbial populations 
All nettle charcoal additions to soil resulted on average in a 50 fold increase in the 
number of culturable aerobic bacteria that could be isolated on 1% TSA compared 
with the non-amended controls (P < 0.01). There were no significant differences 
between the different amendment rates (Figure 7.6). 
Addition of 2% (w/w) or more sweet chestnut charcoal to metal contaminated soil 
was required to produce a significant increase in the number of culturable aerobic 
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bacteria, with the 4% (w/w) sweet chestnut charcoal amendment resulting in a 10 
fold larger population after 40 days (P < 0.05) (Figure 7.6). 
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M Sweet Chestnut Char oal 
_p 
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FIGURE 7.6 SOIL BACTERIAL COUNTS AFTER 40 DAYS POT TRIAL GROWING 
SUNFLOWERS IN SOIL AMENDED WITH DIFFERENT CONCENTRATIONS OF NETTLE 
AND SWEET CHESTNUT CHARCOAL. N=3. ERROR BARS SHOW STANDARD ERROR. 
7.4.3 EFFECT OF CHARCOAL AMENDMENTS ON MICROBIAL ACTIVITY 
All nettle charcoal amendments to metal contaminated soil resulted in a rapid increase 
in respiration (up to 350 mg CO2 L"1 h-' compared to a maximum respiration rate of 
100 mg CO2 L-' h-' for the un-amended controls (P < 0.01) (Figure 7.7). Amendment 
of the contaminated soil with sweet chestnut charcoal had no significant effect on 
respiration (Figure 7.7). 
Eighteen days after amendment, addition of nettle charcoal resulted in a> 500 x 
larger (P < 0.05) culturable aerobic bacterial population when 1,2 or 4% (w/w) nettle 
charcoal was added to contaminated soil, compared with systems where no charcoal 
was added. When 0.4 % (w/w) nettle charcoal was added, the bacterial population 
was increased 100 fold (P <0.05) (Figure 7.8). No significant increases in the 
culturable microbial population isolated on I% TSA occurred as a result of adding 
sweet chestnut charcoal to metal contaminated soil (Figure 7.8). 
121 
Charcoal Concentration in Soil (Percentage weight) 
Chapter 7- Ability of Charcoal to Remediate Contaminated Soil 
450 
400 
350 
Soo 
250 
C 
200 
150 
V 100 
w1\T/ 
±i 
_, _ 
--  -Control 
" Nettle 0.4% 
A Nettle 1.0% 
-y- Nettle 2.0% 
f Nettle 4.0% 
4 Sweet Chestnut 0.4% 
Sweet Chestnut 1.0% 
" Sweet Chestnut 2.0% 
-*- Sweet Chestnut 4.0% 
o 
024aa 10 12 /4 16 1e 20 
Time (days) 
FIGURE 7.7 CO2 PRODUCTION FROM METAL CONTAMINATED SOIL AMENDED 
WITH DIFFERENT CONCENTRATIONS (0.4 - 4% (WIW)) OF CHARCOAL DERIVED 
FROM STINGING NETTLE AND SWEET CHESTNUT WOOD, AFTER ADDITION OF 
FERTILISER. N=3. ERROR BARS SHOW STANDARD ERROR. 
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FIGURE 7.8 DAY 18 (AFTER ADDITION OF FERTILISER) CULTURABLE MICROBIAL 
POPULATIONS ISOLATED ON 1% TSA FROM METAL CONTAMINATED SOIL 
AMENDED WITH DIFFERENT CONCENTRATIONS (0.4 - 4% (W/W)) OF NETTLE AND 
SWEET CHESTNUT CHARCOAL. N=3. ERROR BARS SHOW STANDARD ERROR. 
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DISCUSSION 
The lamar Valley's mining history has resulted in the production of large quantities of' 
spoil that is heavily contaminated with both heavy metals such as copper and cadmium 
but also anionic metals such as arsenic. The spoil has extremely low organic matter 
content. poor water holding capacity and a very low pH. These characteristics result in 
extensive leaching of'metals into the surrounding waterways. The combination oh'anion 
and cation contamination makes the soil highly toxic and complex to remediate. Plant 
growth is virtually non-existent in these areas making the soil heaps vulnerable to water 
and wind erosion. 
7.4.4 REDUCING COPPER LEACHING 
High Concentrations of cations such as copper along with low pi I are highly detrimental 
to plant growth as the low pi I results in increase mobility of C'u ions. By having a high 
ph buffering capacity the charcoals were able to simultaneously hind free ions such as 
heavy metals and 11', this resulted in a synergistic effect reducing copper bioavailability 
in two ways, sorption and increased pH which will reduce Cu bioavailability. Reduced 
bioavailability Cu is caused by the fact that as pH rises cations become less stable as 
free ions, therefore not only do they bind more readily to the charcoals and other soil 
particles but they also hind to chemical groups such as carbonates, phosphates, 
sulphates and other negative anions, forming insoluble salts. Both precipitation and 
sorption could explain the immediate large drop in copper leaching observed throughout 
the experiment. 
7.4.5 REDUCING ARSENIC LEACHING 
Arsenic being an anion behaves differently to copper. Anions are less soluble at low pl I 
values. Because sweet chestnut amendments did not raise the soil p11 compared to the 
non-amended control (pl l< 4) this would explain why in the pre pot trial experiments, 
non amended controls and soil amended with sweet chestnut charcoal showed very low 
leaching of'As. In contrast, amendment of As contaminated soil with nettle charcoal 
resulted in increased arsenic leaching, most likely as a result of the pl 1 being raised to 
around 8. After the pot trial, soil pI I values stabilised to a value of 5.00 or above in all 
treatments. I lowever, surprisingly charcoal amendments reduced arsenic leaching by 
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60% despite the fact that charcoal amended soils had a higher pit than non-amended 
soils. It should be noted that As is relatively non-toxic to plants (Srivastava et al. 2005), 
so in this pot trial arsenic was taken tip by the plants. Die to increased plant mass more 
arsenic was removed frone the soil in samples with charcoal amendments. It is possible 
that during the 40 day trial a large proportion of the bio-available As was taken up by 
plants in charcoal amended pots, leaving less leachable As in the systems at the end of 
the trial. 
7.4.6 PLANTAND MIcROBL4L GROWTH 
Copper causes chlorosis and leaf neocrosis especially in older and middle leaves seen 
visually by yellowing and bleaching. Arsenic has been shown to affect membrane 
integrity leading to loss in cell turoor and thus wilting. Arsenic is also able to affect 
phosphorylation (due to its chemical similarity to phosphorus) halting the formation of 
ATP leading to stunted plant growth (Committee on Medical and Effects of Biological 
Pollutants 2007). Nettle charcoal has a significantly greater copper sorption capacity as 
well as pi I buflcring capacity in comparison to sweet chestnut charcoal. These factors 
combined. resulted in complete removal of toxic bioavailable Cu more rapidly and at 
lower amendment rates. Unfortunately the increased soil pH created by amendments of 
nettle charcoal resulted in a significant mobilisation of arsenic which did not seem to 
affect either plant growth or microbial activity. Instead the sunflower plants were able 
to take up significant quantities ofthis toxic element thus reducing the bioavailable 
fraction in the soil. Despite the increase in As bio-availability, nettle charcoal produced 
more significant improvements in soil function compared to amendments of the soil 
with sweet chestnut charcoal. Sweet chestnut itself has a much lower ability to bind 
copper and increase pH. As such sweet chestnut charcoal was less successful at 
reducing the concentration of bioavailable copper. 
7.5 CONCLUSIONS 
The effectiveness of amendments of low cost charcoals to soils was evaluated for their 
effectiveness at reducing availability of toxic metals, improving soil quality. increasing 
plant and microbial growth and reducing plant toxicity. The results indicate that nettle 
charcoal is highly effective at improving soil quality and restoring the ability of the soil 
to support plant growth although the bio-availability of anions will be increased as a 
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result ofcharcoal amendments. To solve this problem, amendments with nettle 
charcoal should be combined with growing plants or amendments that take up or hind 
these toxic ions. Sweet chestnut charcoal had a lesser effect on soil quality than 
amendments with nettle charcoal. The effectiveness of the charcoal amendments was 
most likely due to their high buffering capacity, enabling them to reduce the bio- 
availability of a range of cations as well as increasing pi I leading to metal cation 
precipitation, thus reducing toxic metal cation bio-availability. Because this in-situ 
technology does not change the total concentration of metals in the soil except throu-h 
accumuIat loll Into plant matter, it is important to investigate the long-term effects and 
stability of metal sorption on to the charcoal. 
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8 DISCUSSION 
8.1 CHEMICAL EFFECTS OF CHARCOAL. 
Charcoals made from annual and bi-annual plants, such as stinging nettle and sugar beet 
leaves demonstrated an impressive ability to bind metal cations from solution well 
above the capacity of activated charcoals and other sorbents (3.4.1,5.4.1). This huge 
sorption capacity to cations includes sorption of 1-1' ions and thus gives the charcoals the 
ability to raise pl I values to more than 10.50 in solution and 9.00 in selected soils 
(5.4.6). Although a soil pI 1019.00 is slightly high for most soils, improvement of pl I 
in highly acidic situations to nearer neutral is hugely beneficial For increasing plant 
growth. It could be shown that the ability of these charcoals to bind metal cations is 
mainly due to ion exchange and as such these charcoals are excellent at increasing the 
cation exchange capacity of soil. The chemical attributes associated with these highly 
sorbent charcoals improve soil conditions in more than one way. For example, in soils 
that are contaminated with toxic levels of heavy metals, charcoal amendments resulted 
in enhanced microbial activity and restoration of plant growth (7.4.1,7.4.3). These 
improvements to soil are extremely important as they allow natural processes to develop 
producing a far more active soil. This will increase any natural attenuation processes as 
well as reducing leaching and erosion, which are often extremely high in soils with low 
organic matter such as highly contaminated sites. 
8.2 WOOD CHARCOALS 
It has been shown that wood age from which charcoal is made relates to heavy metal 
sorption capacity: thus bark and sapwood showed the highest sorption capacity (4.4.1, 
4.4.2). Further to this, sorption is related to surface area as well as the concentration of 
selected elements in the charcoal (3.4.5,4.4.2). In particular heavy metal sorption in 
wood charcoals strongly correlates with potassium, magnesium, calcium and 
phosphorus content of the charcoal. 
8.3 NON WOODY CHARCOALS 
Fast growing plants such as stinging nettle can produce charcoals with sorption 
capacities >200 000 nig Cu kg-l. In comparison, low cost waste products such as 
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chicken waste can produce charcoals with sorption capacities >50 000 mg C'u k 
(5.4.1 ). In nettle plants sorption capacity decreases in the following relationship, plant 
leaves > stems > roots (5.4.2). Healthy fast growing plants harvested from nutrient rich 
conditions produced charcoals with the highest sorption capacity which was correlated 
with a high concentration of exchangeable ions associated with these charcoals (5.4.4). 
Besides sorption due to ion exchange, it could be shown that a small proportion of the 
metals precipitated as metal salts onto the charcoal due to the alkaline conditions near 
the charcoal surface (5.4.7). The bulk (>90%) of the metal sorption exhibited by the 
charcoals used was strongly related to ion exchange with several cations including K, 
Ca, Mg and Na. It could be shown that in charcoal made from oilseed rape exchanged 
ions were released in the specific order K, Ca, Mg then Na (6.4.3). K in particular is an 
important nutrient for plant growth so as these charcoals bind contaminants there are 
also releasing important nutrients. Metals are hound in preference of their ion-exchange 
reactivity, with exchange of bound metals occurring if a stronger ion is introduced 
(6.4.4). In this way hound Zn can be replaced by Cu and Cu can in turn be replaced by 
Fe. This could he extremely important in land remediation, if only the most reactive 
metal is bound, other metals may remain available to cause toxicity. Since ion 
exchange either directly or indirectly through pH effects is the main process by which 
metal sorption occurs this technology will be sensitive to changes in pl1 and redox. 
This could be extremely important when assessing the sustainability and robustness of 
charcoal as a remediation technology. Although the extremely high sorption capacity of 
these materials means that with only a relatively small excess in amendment rate many 
of these potential issues can be catered for. 
8.4 CHARCOAL FOR LAND REMEDIA TION 
Before the potential of these highly sorbent charcoals as a remediation technology to 
contaminated land can be assessed, the reasons and objectives for land remediation as 
well as the ability of charcoal to be incorporated into application technologies currently 
used in this area should first be reviewed. 
8.4.1 REASONS FOR REMEDIA TION 
Broadly speaking the reasons for remediation of contaminated land fäll into one of the 
following categories: (I) increasing land value, (2) reducing environmental and human 
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risks, or (3) toi hrc\cnt legal liahilitics. With land value at an all time high and housing 
shortages across nºam parts of the (ýK especially the South East, there is more and 
more pressure being put on Contaminated land as a location for the development of'new 
industries. husinesses and housing (I)insdale 2008). Reusing contaminated land for 
housing. ur industry OF even green space greatly increases its value. With recent 
estimates suggesting there is bctvvicen 50,000 - 300.000 ha of contaminated land in the 
UK alone the potential profits from utilising contaminated land are very large 
(I: nvironnunt ; A, _, cncv 
20(I4). : Apart from financial benefits reducing damage to the 
CM 11,011111011 and to, humans is one of the main drivers for rernediating contaminated 
sites. With the inihlementatloll of' Part 2A of the Environmental Protection Act 199() 
and other legislative devcloohments there is also increasing pressure to identify and 
remediate sites that are causing unacceptable risks to humans or the environment. In 
fact current I JK , go ernment policies have targeted urban Brownfield sites and 
contaminated land fier the building of' housing as well as other 'hard' and 'soft' end uses 
(Dinsdahe 20(18). 
8.4.2 OK. //i CT/ I ES OF' L. 4 Ni) REMEDIA TION 
Rcmediatloll ofcontanninated land has several aims which will vary depending on the 
site, its iuuture and historical use, extent of the contamination as well as the location of 
the site. The primary `goal ot'rcmediation will always be to protect people and the 
greater environnment. '10 achle e this, remediation processes must break pollutant- 
receptor linkages to prevent harni to potential receptors. 
8.4.3 SITE QUESI'IO, V BEFORE LAND REMEDIATION 
Before reniediation can occur on a particular site several factors need to be determined 
and assessed. Contamination factors such as type, properties, concentration, dispersal, 
depth and czpusure risks \v ill all be investigated during site investigations. These 
victors dictate the type of'remediation technologies required. 
Site factors such as siI t\pe. pernmeahiIity. surface and groundwater flow, Climate. 
infrastructure repo(, raphN and location will affect both the choice of application 
technoloIics and Miere and Ill\\ the) are applied. Infrastructure and location are also 
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important factors, if large quantities of material are needed to be brau" ht on or taken off 
site. 
Finally other factors such as future land use, regulatory and public acceptance, time 
restrictions, use of surrounding land, remediation budget and sustainability will all he 
highly influential in the development of any rernediation programs. Future use of land. 
time restrictions and remediation budget in particular often tightly linked are highly 
influential to the choices of remediation plans. 11'a site has an important future there Nv III 
he increased pressure to remediate rapidly, this will drive up rcmccliation costs 
8.4.4 APPLICATION TECHNOLOGIES SUITABLE FOR CHARCOAL 
Charcoal can be used in a number of application technologies that are aimed at land 
rernediation. What follows is a breakdown of the different technologies that can utilise 
charcoal. which situations they are suited to and an evaluation ofthe advantages and 
disadvantages of the technology. 
8.4.4.1 Permeable Reactive Barriers 
The first application for metal sorbent charcoal is in permeable reactive barriers (PRBs). 
PRBs are placed into the ground as part of a barrier system that aims to contain 
contaminants that are present, or can leach into groundwater. The contaminated water 
is funnelled through the PRB to remove contamination during passage. To do this 
effectively, reactive materials are placed into the PRB to bind or transform 
contaminants in the passing groundwater. Charcoals placed into the barrier will thus 
bind contaminants as groundwater flows through. PRBs are highly beneficial in that 
minimal soil excavation is required except for the initial digging of the trench. Because 
the barrier is placed at a strategic position with easy access, charcoal can be easily 
replaced by removal once saturated and replaced with fresh material. In comparison 
with `pump and treat' systems PRBs have a greater start-up cost but generally have a 
life span of between 10 and 20 years making the overall costs of PRBs significantly 
lower than 'pump and treat' (Simon et al. 2002). 
Situations where PRBs are best employed would be sites which are difficult or 
expensive to remediate directly and where contaminants are leachini into the 
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surrounding area. The use of a PRB will halt the leaching of contaminants allowing the 
safe use of'the surrounding land. 
PRBs can also be used to stop leaching whilst the main plume or source is dealt with, or 
as a capped barrier. Capping can he used to contain contamination deep in the soil so 
any water movement upwards will pass though the barrier before surläcing. The use of- 
PRBs as caps has found limited use due to the difficulties in accessing the harrier once 
completed. 
Before charcoals could be utilised in these technologies several factors need to be 
researched. Charcoal particle size will affect the flow rate of groundwater through the 
PRB as well as the sorption speed of the charcoal. This is because larger particles will 
have a greatly reduced external surface area, and therefore water will need to pass 
through the pores into the charcoal. Ifthe particle size is too small material could he 
washed out ofthe PRB leading to shortened recycling times and the potential spread of 
contaminants beyond the PRB. Smaller particles will pack closer together in the PRB 
and therefore reduce the flow of water through the barrier. Flow rate is important in 
PRBs, if the flow rate through the barrier is too low groundwater may attempt to find an 
alternative route avoiding the barrier, alternatively if the flow rate is too high there may 
not be adequate contact time between groundwater and the charcoal to remove sufficient 
quantities ofthe contaminants. It has been stated that particle size of materials used in 
PRBs should be of one size and not mixed (US Environmental Protection Agency I998). 
Related to particle size is particle strength, if the particle strength of the charcoal used is 
too low the material will breakdown in the harrier, potentially leading to the issues of 
too small particle size. Charcoal could breakdown due to weight pressure in the harrier 
itself or through the mechanical processes used to distribute the charcoal into the barrier. 
Another issue that requires research is the application of a mixture of' sorbent materials. 
For example iron oxide has been shown to be highly effective at binding anions. By 
combining charcoal and iron oxide in a PRB both anions and cations could be treated. 
Although since sorption by both materials is strongly affected by pl I it is possible the 
high pi I created by the charcoal amendments could interrupt the ability of iron oxide to 
hind anions. Competition of ions could also occur, if an area is contaminated by mixed 
metals the strongest binding metal would bind in preference to the other thus this could 
affect the quantity of material required to maintain complete treatment of the 
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groundwater. Finally, the sustainability of charcoal and resistance to chemical changes 
such as pl I needs to be fully assessed. This information is vital for the cost analysis of 
remediation operations as well as the lifespan of charcoal in PRB systems. 
8.4.4.2 Injection 
Injection is an in-siiu remediation method enabling the insertion of remediation material 
or chemicals both vertically and horizontally into contaminated soil and ground water. 
The process uses a form of penetrating device to inject air, oxygen and liquid together 
with suspended material into the contaminated soil. With this technology charcoal 
slurry could be injected directly into contaminated land at the specific depth required. 
Since the charcoal is in slurry it will travel into the air spaces in the soil where water is 
likely to pass thus increasing the chance of contact with contaminants. For injection to 
be successful the charcoal grain size will have to be small enough to allow sufficient 
flow in the injection system, although if the particle size is too low erosion of charcoal 
from the soil by surface and groundwater flow during wet periods could occur. 
Since injection is extremely heterogeneous in its dispersal and that charcoal requires 
direct contact with the contaminant, it is likely that injection would not be an efficient 
treatment application for large areas of homogeneous contamination. Instead injection 
is better suited to areas with heterogeneous or hot spots of contamination. Decreasing 
the distance between injection points will obviously help to reduce this issue although it 
can never be as homogeneous as direct incorporation. In contrast to PR13s incorporation 
technologies work directly to remediate the area in which they are used, they can also be 
used to access otherwise hard to reach areas. For example leaking or faulty 
underground pipes or oil tilled cables could be remediated by direct injection to the 
problem area. Unlike PRt3s there is little possibility to replace charcoal additions; 
therefore sustainahility of charcoal must be fully understood. Thus the use of injection 
should only be undertaken (just like other technologies), with full appreciation of its 
advantages and disadvantages. 
8.4.4.3 Incorporation 
Incorporation is the simplest concept, involving physically mixing materials into the 
contaminated soil and has been tested (see chapter 7). This application requires 
extensive groundwork and as such is limited to fairly shallow applications, although soil 
movement and excavation using bulldozers and diggers can be considerable making 
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remediation ol'the soil up to a depth of several meters possible without incurring large 
extra costs. Mixing, of charcoal amendments into the soil should preferably be as 
homogeneous as possible to better ensure the chances of contamination and charcoal 
contact as well as avoiding potentially dangerous untreated spots. Charcoal 
incorporation will allow for some heterogeneity since only available metals in solution 
can be bound by charcoal. Therefore as available contaminants will be mobile this 
increases the chances of charcoal and contaminant contact. Like other application 
technologies the amendment rate will be highly variable. depending on the level of' 
contamination. Also as environmental conditions such as p1I change there may be a 
shift towards increased availability of metals in both the soil and the charcoal itself'. In 
similarity to injection, the incorporated charcoal cannot be removed, therefore the 
required life span of'this remediation technology can be very lengthy. To account für 
these changes increased charcoal amendment rates could be used to act as a further 
buffer for these unforeseen occurrences. 
Incorporation can also be performed ex-situ if rapid development of the site itself is 
required. Contaminated material is removed from the site and replaced with clean soil. 
The contaminated material is then treated off-site. This provides a good opportunity I01 
charcoal to be incorporated to remediate the contaminated soil ensuring even mixing 
and testing that the treatment was effective. 
Removal of contaminated materials from the site is always costly because ot'carriage 
charges and landfill tax if it were decided that the materials were not to be treated. 
Therefore, a cheaper solution is to treat the soil on site. This requires that the treatment 
takes effect rapidly and is effective. Charcoal is ideal in this respect as binding of any 
free metal ions is immediate, allowing treated soil to be put back where it came from. 
Incorporation of charcoal into contaminated soil that has been dug up has a great chance 
of success. 
8.5 CASE STUDIES 
For charcoal to he successful in land remediation its abilities and limitations must he 
fully understood. To evaluate the potential of charcoal to be utilised effectively, tour 
potential applications are evaluated using three different sites with different 
133 
('huplcr ýY I )r. cc l1, s cin! l 
contamination issues including single metal contamination, mixed metal contamination, 
metal and organic contamination and a contaminated groundwater plume. 
8.5.1 HF_AVYMETAI CONTAMINATION; C4 TIONS AND ANIONS 
The Tamar valley spoil sites are a classic example of mixed metal contamination. 
The problem focuses around spoil heaps that are highly contaminated with several 
metals both cationic and anionic, including As and Cu. The spoil is found in large 
localised heaps of approximately 25 m2 75 m2 in area. The area is frequented bv 
humans reg"ardlcss ofvvarnin(, simns, but other than this, exposure to humans on site is 
limited partly due to the isolated location. Contamination is generally homogeneous 
although small hotspots do occur with contamination as high as 60000 mg As keg spoil 
(personal on-site analysis using FPXRF). The soil is highly acidic with a p1I of <4 and 
as such cations such as copper are highly soluble whereas anions such as As are not. 
Due to a very low water holding capacity and the course textured sandy spoil. high 
volumes of metals leach from the spoil material and end up in the local river (the 
Tamar). Furthermore, because the spoil heaps do not sustain vegetation, erosion ofthe 
heaps is considerable. Because of the rapid erosion and leaching, raised As levels have 
been found in local estuarine waters and sediments of the Tamar (Gomez-Caminero et 
al. 2001). The sites are touuid close to the Dartmoor national park surrounded by 
woodland; therefore reuse of the site for housing or industry is not likely. Because 
environmental and human risks are the main drivers for remediation, they are deemed 
low priority areas and as such remediation budgets will probably be limited with little 
pressure to remediate. In fact. because some of the sites are home to some rare 
Briophytes the sites are classified as a SSSL This situation could change if it were clear 
that metals would accumulate in the food chain (via fish caught in the "haurar for 
example) or if drinking water extracted from the Tamar would contain unacceptable 
levels of heavy metals. 
If it were decided that remediation was necessary two options present themselves 
I. Total remedliation of the spoil material. 
2. C'ontainmcnt of spoil to reduce leaching of contamination into the local 
environment. combined with blocking access to the area to prevent human 
exposure. 
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For a total remediation program injection and incorporation are the only viable options. 
Injection would allow charcoal to be added throughout the heaps but due to the 
extremely low water holding capacity and poor structure of the soil it is likely this 
would have limited success due to leaching of charcoal additions from the soil. In-situ 
incorporation of charcoal would be possible although the heaps are large so this would 
be difficult. During incorporation organic matter in the form ofcompost could also be 
added to increase soil quality and microbial activity. Research into the eflects of 
conmpost additions has found varied ciTects, so careful selection and testing should first 
be undertaken (van I lerwijnen R. et al. 2006, van Herwijnen R. et al. 2007). As well as 
this heaps could be levelled out to better fit the landscape and aid future planting. The 
charcoal would bind the cations and induce their precipitation by increasing the pt I, as 
well as improving soil conditions fier plant growth. Anions such as arsenic would 
become more available due to the increased pH. To solve this, mixed amendments 
could be used combining charcoal with a product better designed for anion 
sequestration such as iron oxide (Hartley et al. 2008, Hartley et al. 2004, Hsu et al. 
2007). Research has suggested these amendments are less effective at high pI I and so 
charcoal amendments could counteract there effects (Hsu et al. 2007). Clearly the 
interaction between these two amendments would need to be tested first. Alternatively 
the planting of hyper-accumulators on the site and at its edges could be implemented. 
Although arsenic is toxic to both humans and plants it is significantly less toxic to plants. 
As such hyper-accumulators have been shown to successfully mop up arsenic from soils 
with limited toxicity symptoms (Srivastava et al. 2005). Thus plants would be used to 
mop up free arsenic, these plants could be harvested and the arsenic dealt with oft site. 
Cost of remediation would be significantly less than dig and dump since the material is 
being treated on site and as such movement and disposal costs are avoided. Large earth 
moving vehicles would be required to move and mix the material. Other costs could 
include the use of' iron oxide (£70 kg ', Sigma-Aldrich), although as stated hyper- 
accumulators could be used as a relatively inexpensive alternative, especially since the 
remediation process can be relatively slow as the site is not earmarked for development. 
Betöre full implementation of these remediation proposals, further research is needed 
into the cf ects of'charcoal and iron oxide and compost mixtures on the leaching of both 
135 
Chapter 8 l)isrir. s. cionn 
cationic and anionic metals to determine if any of these amendments counteract each 
other. Also sustainahility studies will need to be carried out to determine the stability of 
these amendments and how resistant they are to changes in soil pH that could occur 
over time. Finally an investigation into the geology of the site would be wise to identify 
leaching pathways and determine if there is any groundwater leaching. 
If containment vas the only purpose, PRBs could be used to halt the transfer of 
contaminants in surface and -, round water. Since the site is made up of several small 
heaps mans small PRl s would be needed. I lowever, before this kind of technologv can 
be implemented laboratory based column studies would need to be run to determine 
how PRI3s filled with charcoal would cope with fluctuating flow rates, changes in pi I 
and other chemical (actors to determine the sustainability of these systems. If the PRB 
were filled with a mixture of reactive materials, interactions between charcoal, and other 
materials, such as iron oxides and clays would have to be assessed. With all 
remcdiation approaches, once implemented further ongoing site testing will be required 
to demonstrate the cflicacy of the systems in place. 
Containment. through erosion prevention could also be achieved through planting of the 
spoil heap. To achieve this, relatively shallow incorporation of charcoal and fertilisers 
could be implemented. This kind of application might work well to get plants 
established in short term, but it is unknown if metal leaching from the subsoil would 
eventually overwhelm the buffering and sorption potential of the charcoal that was 
incorporated in the top layers. 
8.5.2 MIXED CONT. 4 MINA TION; GAS WORK SI TES CONTAMINATED WITH 
HEA VY METALS AND ORGANICS 
Most ofthe sites that are classified as contaminated, are contaminated with a mixture of 
both metal and organic compounds (Dinsdale 2008). These sites are problematic as 
most technologies are aimed at removing either metals or organics, therefore tackling 
both is difficult and complicated. For example natural soil microbial processes are 
severely of ectcd by toxic levels of heavy metals and as such natural degradation of 
organic pollutants' ill be reduced if nmetals are present (Oliveira et al. 2006; Wang et al. 
2007). Town-gas sites are a good example of sites with mixed contamination. The 
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actual number oftown-gas sites in the UK is not listed, but Ilatheway and Doyle (2006) 
identified more than 2 180 sites in the UK alone (E-Iatheway et al. 2006). A typical town 
gas site will be contaminated with a range of chemicals including tars, oils, hydrocarbon 
sludges, spent oxide wastes, ash, ammoniacal recovery wastes and cyanide (Department 
of E, nvironnment and Conservation NSW 2005). It is the oxide wastes and ash that are 
commonly high in metal contamination. These contaminants can be found as surface 
contamination caused by residues from gas production processes. Further to this. 
specific structures often remain that are highly contaminated such as tar and liquor wells 
and purifier beds (I)ehartment of' Environment and Conservation NSW 2005: Nuttall 
2008). Due to years ofindustrial activity and lack of organic matter inputs caused by 
extended periods of industrial activity, the soils on these sites is often highly compacted 
and poorly aerated. Once identified and shown to be causing a human or environmental 
risk, these sites must be remediated under Part 2A of the environmental protection act. 
Further to this the government has set a target to build 60% of new homes on 
Brownfield land which includes gas-works sites. Financially the reuse of contaminated 
browntiefd land för housing can be highly profitable to remediators and developers, 
providing that remediation is effective and quick. 
Rernediation solutions should therefore aim to rapidly remediate the site, enabling 
development of the area for housing. Because people who are going to live on the site 
have frequent contact with soil in the area, total removal of any risk is vital. Also for 
development to occur the site must be fully remediated first and as such there will he 
pressure to complete the remediation process quickly to allow development to 
commence. Only once the development is completed and sold will financial returns he 
seen. 
Excluding sites with wells, pools and other subterranean problems, in situ incorporation 
of charcoal would provide the easiest approach to remediation. Incorporation of 
charcoal would aerate and improve the soil structure. This would mean that soil 
bacteria would better he able to utilise the organic contaminants as a carbon source 
(I twang et al. 2006). Microbial activity will be further increased by the binding and 
precipitation effects of charcoal amendments on cations, reducing metal bioavailahility 
and thus biotoxicity, as shown in chapter 7. These factors will lead to greatly increased 
natural attenuation of the site vvhich is further helped by the tact that charcoal consists 
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of a complex but continuous macro pore structure that can be colonised by bacteria 
(Patent I. Appendix). Most importantly charcoal will rapidly immobilise both organic 
pollutants as ýNcll as metals. 'giving immediate detoxification of the site. 
Biologically enhanced charcoal (a novel product that uses the processes of sorption. 
combined with development of selected bacterial biotilms in the charcoal 
macrostructure to encourage the direct degradation of organics) could also be used on 
these sites. Research is currently being, undertaken into the feasibility of biologically 
enhanced charcoal, 1,01- the in situ remediation olorganics in contaminated sites 
(CI,: AIIZI'Project RP2I ). 
Alternative options are to remove the contaminated material and replacing it 
immediately with clean soil, allowing development to begin immediately whilst the 
contaminated soil is dealt with off site. In this way the use of bio-piling can also be 
used which commonly involves the addition ofcompost or fertilisers to boost 
degradation. I lowcver, charcoal additions could serve the same purpose, except that no 
degradable carbon is added to the pile. Instead the charcoal serves to increase aeration 
and to remove metal toxicity. E3io-piling has been show to greatly increase natural 
degradation of organics in several situations (Mohn et al. 2001; Rojas-Avelizapa et al. 
2007). Using this ex-situ approach will lead to increased transport costs but will avoid 
delays for land developers. Once remediated the material could be used as 'clean soil' 
on an alternative site where a similar approach is being used. The final solution is to 
combine these approaches by bio-piling the contaminated material on a small section of 
the site thus but allowing the immediate development of the majority of the site but 
avoiding extra transport costs. 
8.5.3 GROUND PATER CONTAMINATION: HEAVY METAL PLUME 
When contamination is mobile it often results in a large plume of contaminated 
groundwater that slowly spreads. Groundwater plumes travel slowly over many years 
and can lead to extensive pollution in areas far away from the original site. For example 
in Kazakhstan there is an ongoing groundwater pollution problem from alkali-plants. 
One particular plume in Ust-Kamenogorsk is threatening residential areas and the city's 
drinking water sources and will eventually contaminate the local Irtysh River causing 
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extensive ecological and environmental damage (Duisebayev 2007). A similar site in 
Pavlodar has been contaminated for over 25 years with mercury waste from electrolysis 
cells (Yakovleva ct at. 2004). Contaminated groundwater now spreads over an area of 
at least 0.55 km2. with an estimated volume of 2.08 million m3 accounting for around 10 
tons of-mercury (Yakovleva el at. 2004). Plume concentrations have been found to he 
up to 67 mm 11- I-1 (Yakovleva et at. 2004). The mercury plume is moving over a layer 
of basalt clay at a depth between 6 and 14 m. Exposure to Hg on the site is limited but 
constant leaching poses very high risks in the long term to surrounding.; towns and 
waterwav s. The sites have had a highly industrial history and once remediated could 
potentially be used for further industrial and commercial activities, housing or to 
provide green space. These sites have reasonable potential for further use but the main 
drivers are environmental and regulatory pressures as well as the potential public 
pressures since these sites pose risks to highly built-up areas as well as water supplies. 
Therefore there is a high level of pressure to rernediate these sites to a safe standard or 
at least to prevent further spread of contamination to the surrounding areas. The 
complexity and extent of the contamination in and around these sites means that a rapid 
remediation program is not possible. A project funded by the World Bank for one of' 
these sites states that its aims are: 
. 
Containment of'high-priority sources of groundwater contamination. 
2. Remediation of current contaminated groundwater sites. 
3. Organise and maintain effective project management and monitoring 
(Duiscbayev 2007) 
To achieve containment, NRE3s would be utilised incorporating a funnel and gate system 
to help reduce costs. Remediation of the plume itself could incorporate a foram of punmp 
and treat. A system ofcharcoal cartridges could be placed into the plume via risers 
drilled into the ground. These cartridges would be left to bind metals after which they 
would be removed and the metal recovered using acid washing. Subsequently the IIt, 
can be recovered using electrodes. In this way there could be a constant cycle of 
charcoal binding and metal recovery, resulting in rapid extraction of mercury with 
limited materials. Mercury currently sells in the USA at $550 ton-I making it 
potentially viable to recover and sell the Hg. Another option is to produce wells into the 
plume tilled with charcoal, the addition of pumps or even trees on top of the wells could 
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be used to create a negative pressure which would draw contaminated groundwater up 
through the charcoal columns. 
All these svstcros vwuld require thorough laboratory scale tests first, preliminary results 
have sho"n that charcoal is highly sorbent to mercury. Laboratory tests would need to 
include sorption isotherm studies demonstrating how the charcoals perform at different 
concentrations Ind ov er extended periods of time. 
8.6 SUPPL Y CHAIN ISSUES 
Source 
Material 
Charring Processing 
titora'r 
Contaminated 
Land 
Storage 
FIGURE 8.1 SUPPLY CHAIN MODEL FOR THE CHARCOAL PRODUCTION FOR USE IN 
LANE) RFMEI)IA I ION. 
Extensive charcoal production still occurs in the UK, using a mix of traditional and 
modern techniglues. Traditional charcoal makers mainly supply fuel and barbeque 
markets (RioReoional Charcoal Company Ltd 2008). Modern charcoal facilities are 
often aimed at energy production and waste reduction, utilising highly modern and 
expensive charring vessels (Airless Systems Ltd 2007). Small electronic charcoal 
burners capable ot'dºying source materials and charring that can have a production rate 
ofaround I tonne char per day are available and are suitable for small scale remediation 
applications (Anyang General International Co. Ltd, Carbon bar furnace). Supplies of 
raw material fier charring are more complicated. Charcoal production yields roughly 
one third of dry weight source material. Products such as stinging nettle are only 
cultivated at it very small scale for production of eco-friendly cotton alternatives. Other 
sources such as rape straw or sugar beet tops would be more available as these are waste 
materials from commonly grown crops. For example in 2007 in Scotland, 137 000 tones 
of oilseed rape was produced and roughly 9 million tons of sugar beet is grown in 
England every year (Department for Environment Food and Rural Affairs 2006b, The 
Scottish Government 2008). Source materials will have to be collected and transported 
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to a charcuýalin_z I'acilitv or processed on the farm. Once produced the charcoal will be 
processed to the required mesh site. tested and stored until use. 
8.7 BARRIERS TO IMPLIMENTA TION OF CHARCOAL 
BASED REMEDIA TION TECHNOLOGIES 
Verification o ne%% rrnudliation processes is a time consuming undertaking. The 
envirýýIII) ient a, Iencv 01.111111 es the basic processes involving the to loNing steps 
(I nvironmcnt A, gcncý ? 0U7b). 
Review the conceptual model to take into account the remediation process: 
0 I)evclop ýeriIIcat[oil objectives and criteria to enable compliance with 
rcinedlation ohjcctivcs to he tested; 
" Istahlish lines of evidence to ensure that the data to be collected are 'fit 1`61, 
Purpose' 
0 Idcntifj broadly the type of monitoring and assessment that will be carried out. 
"I ollowim, these stages a programme of sampling and monitoring activities 
continues to specifically demonstrate whether the rernediation carried out on-site 
has achieved its objectives. 
Depending on the scale, charring itself falls under certain legislative regulations due to 
the emission of toxic vapours and gases during the production process. For example, 
traditional charrers continue to produce charcoal without any pollution prevention while 
modern systems are required to demonstrate that no toxic chemicals are released into 
the environment. Pollution control in the case of charcoal furnaces can be achieved 
through distillation of the volatile vapours and/or the addition of a secondary 
incineration chamber designed much like an afterburner to totally combust any 
chemicals to ('02 and water (Sardari 2003). 
8.8 FINANCIAL ASPECTS 
To ensure that the technology is viable for land remediation purposes it not only needs 
to be effective and provide sustainable solutions to real pollution problems, it has also to 
be economically feasible to implement. The charcoals investigated in this thesis were all 
made from source materials that were selected for their low cost. In fact sonie of the 
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source materials can he regarded as waste products therefore their costs are generally 
low (- £50 per tonne dry material). The charring processes will incur certain energy 
costs although once started charring is an exothermic process creating enough energy to 
perpetuate the process. More sophisticated charring vessels often have facilities to 
collect surplus energy. Therefore charring itself should not incur any energy costs, but 
will require labour costs. Storage of charcoal and transport are also significant costs. 
The choice of v. hethcr to use centralised charring facilities or small mobile facilities 
would ; greatly effect costing. In comparison with activated charcoals, the charcoals 
discussed in this thesis are significantly cheaper due to the lack of extensive chemical 
processing and the loýv cost ofthe source materials, and yet they still make highly 
effective sorhents. This should make them highly competitive. 
8.9 OTHER APPLICATIONS OF CHARCOAL 
8.9.1 MET aL REMOVAL FROM WATER AND WASTE EFFLUENTS 
Besides its use in land remediation metal adsorbent charcoals can be used for a variety 
of'other applications. For example, in many industries, such as leather tanning, metal 
finishing and steel working industries produce wastewaters with high metal 
concentrations. New and more stringent environmental regulations are forcing these 
industries to comply with discharge consent levels covered by IPPC. Discharge of 
effluents directly to sewers now requires a trade effluent licence and effluent discharged 
anywhere else requires consent from the Environment Agency. Thus technologies 
capable of quickly and efficiently removing metals from wastewater with the potential 
of easy recovery are highly beneficial. Current systems utilise several technologies. 
Raising the pi I with sulphides or hydroxides is used to precipitate cationic heavy metals, 
alternatively precipitation of metals as metal carbonates is used (Lee et al. 2005, 
Pavlovic et al. 2007; Remco Engineering 2008). Metal precipitates are subsequently 
filtered out of the waste stream. Although certain waste streams are not suitable fier 
precipitation due to the presence of chelates in the waste water (organic compounds that 
can hold metals in solution at high p11) which is a significant problem with these 
systems (Remco Engineering 2008). Ion exchange resins are an alternative technique 
used to remove metals from water systems, but these products are costly to produce and 
require complex processing for regeneration (Cavaco et al. 2007). Charcoal could he 
utilised for both its precipitation and ion-exchange properties. The use of metal binding 
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charcoals would lower costs and increase the ease through which metals could be 
recovered by combustion of the charcoal, making it a highly beneficial alternative to the 
current systems used to remove metals from waste streams. 
Contamination of surface water is common due to ongoing industrial contamination as 
well as run off from sites contaminated by historical industrial activities such as the 
previously mentioned "Damar area. This type of pollution is however diffuse and 
thereli0re difficult to treat as a whole. I lowever. where contaminated water is extracted 
for drinking. treatment using charcoal ollcrs great potential. Whereas modern treatment 
plants are well equipped to remove metals from potable water, there is a need for cheap 
and effective methods in developing areas where people often extract drinking water 
from contaminated wells and rivers. The use of cheap charcoals produced from local 
crop residues could provide people with a simple but extremely effective water 
treatment system without the need to purchase specific materials. 
8.9.2 APPLICATIONS TO SEWAGE AND INDUSTRIAL SLUDGE WASTES 
Due to directives such as the Urban Waste Water Treatment Directive (91 /. 71/E1 C), 
sewage sludge production in England and Wales has risen from around I million tonnes 
dry solids in 1998 to 1.3 million tonnes in 2005 and production is expected to be 1.6 
million tonnes by 2010 (The Council of the European Communities 1991; Water UK et 
al. 2006). Disposal options for these materials are limited as they contain high levels of 
a range of metal contaminants (Ratten et al. 2005). After dewatering these materials 
still have high moisture content and as such options including incineration or charring 
are energy demanding and therefore costly due to expensive drying steps before the 
material can be processed. Application of sewage sludge to land as a fertiliser is 
advantageous as sewage contains high concentrations of plant nutrients while the 
organic matter itself is beneficial for soil formation (Department for Environment Food 
and Rural Affairs 2006b). Again due to the metal contamination its use as a fertiliser to 
agricultural land is highly restricted (Paulose et al. 2007; Ratten et al. 2005; Ridley et al. 
1989). Incorporation ofcharcoal to sewage sludge, could be implemented to hind 
available metals thus allowing much higher application rates to soil. Current statutes on 
the application of sewage sludge to land, lists the limits of metal contamination on a 
total weight basis and not as a fraction of leachable metals. Therefore, for charcoal 
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additions to he successful in allowing increased application rates to agricultural land 
appreciation Of a reduction in hioavailable metal content will have to he accepted by the 
regulatory authorities first. 
8.10 FUTURE RESEARCH 
This thesis has dlemunstrated the huge potential of low cost charcoals specifically in the 
area cf metal sorption. Similar studies should now be undertaken to determine the 
ahilitv of these materials to hind organics and the effects organic sorption has on metal 
Sorption rapacity. 
In terms of, metal sorption there is a need to investigate the long term stability of bound 
metals especially in relation to pi I or the presence ofsiderophores produced by bacteria. 
111110 1 and plants (which could potentially release bound metals) (Adams et al. 2006). 
Further column and sorption isotherm studies will give better indications as to the 
mechanics of sorption. Such experiments are performed routinely by the remediation 
industry and would allow better comparison of the performance of charcoal with other 
materials. For practical implementation of charcoals to land. specific demonstration 
trials should be set up at the chosen sites to demonstrate effectiveness and sustainability 
of the technology. 
Research into other applications as detailed in section 8.9 would also be extremely 
interesting, especially amendments to sewage sludge which is a huge problem in the UK. 
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10 APPENDIX ONE 
10.1 PA TENT - CHARCOALS FOR METAL SORPTION 
INVENTORS: TONY HUTCHINGS; FRANS DE LEIJ; JEREMY WINGATE 
The present invention relates to charred organic materials useful in remediation of 
substances and conditions having metal contamination. 
Adsorption of metals onto adsorbents is known, and products on the market that are 
effective at removing metals from solutions include zeolites, red clays, ion exchange 
resins, bone charcoal and fungal biomass. 
Zeolites are probably the most widely used product tör metal removal from waste 
water. Zeolites can be natural or synthetic, the latter being able to adsorb around I Ox 
more metal ions than natural zeolites. Metal adsorption capacities onto synthetic 
zeolites are as follows: (Cr)=0.838 mmol/g, (Ni)=0.342 rnmol/g, (1_n)=0.499 mmol/g, 
(Cu)=0.795 mmol/g, (Cd)=0.452 mmol/g while natural zeolites adsorb: (Cr)=0.079 
mmol/g, (Ni)=0.034 mmol/g, (Zn)=0.053 mmol/g, (Cu)=0.093 mmol/g, (C: d)=0.041 
mmol/g. 
Charcoals made from bone are well known for their ability to adsorb heavy metals 
and are widely used by industry to remove metals from solutions. Their potential to 
adsorb metals is similar to that of synthetic zeolites. The mechanism by which hone 
charcoal adsorbs metals is thought to occur via the formation of metal-phosphates. 
Bone consists mainly of apatite [Caio(PO4)e(OH)21. After charring, the phosphate 
groups that are present on the charcoal surface are thought to form metal phosphates 
that are very stable, even at low pH. Materials high in phosphate are often used to 
immobilise heavy metals. Phosphate sources that have been investigated to 
immobilise heavy metal ions include: soluble phosphate salts, rock phosphate. 
synthetic hydroxyapatite, bone meal and phosphatic clay (Knox et a!., 2006). 
Charcoal produced from chicken litter can also adsorb heavy metals via the formation 
of metal phosphates (Lima and Marchall, 2005). 
Charcoal is formed from the partial pyrolysis of carbon-rich organic materials under 
non-oxidising conditions (Paris e! (il., 2005). In particular, charcoal is usually made 
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from the xylem, especially the secondary xylem, of woody plants, being the "dead" 
portion that is processed into timber for instance. 
In general charcoals are porous and their adsorbing properties are often related to the 
large specific surface area within the charcoal. During the charring process, most of 
the chemical bonds in the starting material are fractured and rearranged, leaving a 
surface that contains many functional groups such as hydroxyl, carboxyI and carbonyl 
groups (Antal and Gronli, 2003). The adsorbing properties of charcoal can he further 
improved by a process of activation. involving partial oxidation of charcoal vv ith 
carbon dioxide, steam, or acid at high temperature, to give a greater surface area per 
grain charcoal that consists largely of graphene layers (Baird and Cann, 2005, 
Machida el nl., 2005). Metal cations will adsorb at specific surface sites that have 
acidic carboxyl groups (lyobe et al., 2004, Machida et a!., 2005). These surface 
functional groups enable the binding of cations, including heavy metal ions. Ilowever, 
commercially available activated charcoals made from wood are in general not 
particularly good at binding metals. We found adsorption of copper onto activated 
charcoal never to be higher than 5000 mg/kg. 
Fungal biomass has been used to immobilise metals, with maximum metal adsorbence 
of 43,000 mg/kg biomass being reported by Niyogi el al. (1998) for Rhi_olms urul, i: r,. s. 
Fungal bionass is liable to degradation, resulting in the subsequent release of any 
bound metals. The stability of the binding will depend on the functional groups that 
are present on the biomass and include chitin, amino, carboxyl, phosphate and 
sulphydryl groups (Norris and Kelly, 1977; Tobin et al., 1990). 
There is a need to provide materials capable of adsorbing metals that overcome one or 
more of the above disadvantages. In particular, there is a need to provide materials 
that are relatively easy and/or cheap to produce. It is a further object to use renewable 
resources. It is also an object for the materials to be non-degradable. We have 
surprisingly found that charcoals produced from the shoots and leaves of fast growing 
plants as well as macro-algae are capable of adsorbing large amounts of heavy metal 
ions from solutions and are capable of meeting one, some, or all of the above 
identified objects. 
Mechanisms for adsorption of metal ions by known, woody charcoals have been 
proposed, such as oxidation of the "aromatic carbon backbone of the charcoal, " while 
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creation of a larger surface area could further enhance the exposure of negatively 
charged carboxyl groups. In contrast, we have surprisingly discovered that charcoals 
derived from living plant material, such as bark or foliage, as distinct from the xylem 
of' woody plants. can, in fact, absorb a large amount of' metal ions, from a selected 
environment, such as a brovvn field site or polluted soil, slurry or solution, for 
instance. What is particularly surprising is that the mechanism for this has been 
shown to be completely different from that proposed previously. The present 
inventors have discovered that metal absorption by charcoal produced from plants of 
all kinds is actually via uptake of the pollutant metal ions and exchange of said 
pollutant ions with pre-existing ions contained in the charcoal. In particular, 
potassium. calcium and/or magnesium ions that are present in the charcoal are 
exchanged for the pollutant metal ions, such as copper, thus completely removing the 
pollutant metal ions from the selected environment. 
Thus, in a First aspect, the present invention provides an ion exchange agent 
comprising charred material produced from living plant material. 
The material may he parts of plants, rather than the whole plant. Preferred parts are 
bark, stems and foliage. The material is not wood. 
It will be appreciated that the living plant material refers to tissues such as bark in 
woody plants and foliage in woody and non-woody plants, in particular. However, it 
will also be understood that this term includes all growing parts of the plant, for 
instance those that were "active" or alive at the time that the plant was processed, 
dried, cut down, harvested or charred. It is particularly preferred that the material is 
metabolically active at the time of harvesting. Preferably, the material is non-xylem 
material, preferably not secondary xylem material. 
In other words, the living tissue can be considered to be metabolically active (alive) at 
the time of harvesting, before drying and/or processing to charcoal. It will be 
appreciated that living plant material also excludes core wood, despite the fact that 
core wood originally consisted of cells that were once alive, in the sense of being 
metabolically active. These core wood cells have, at the time of harvesting the plant 
material, died or substantially ceased metabolic activity. 
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Therefore, it is preferred that the living material is parts of the plant that had an active 
metabolism at harvesting. It will be readily apparent to the skilled person which 
tissues are alive and which tissues are dead. 
The xylem, particularly the secondary xylem, of woody plants is excluded. Such 
tissue is often simply called "wood" and can be considered to he the portion of a 
vvoody plant that is processed into timber. hör instance. 
Furthermore, it will be understood that the living plant material can be "killed", in the 
sense that it ceases metabolic activity, once harvested. In particular, it is envisaged 
that the living plant material can be harvested and dried and then turned into charcoal. 
Accordingly, straw and dried plant materials are preferred embodiments ofthe present 
invention. In the case of non-woody plants, the whole of the plant can be considered 
as comprising growing material. Therefore, in particularly preferred embodiments, 
the source material is nettle, beet or seaweed and, therefore, the whole ofthe plant can 
be used to provide the charcoal according to the present invention. 
In woody plants in particular, it will be appreciated that the living plant material 
excludes the highly lignified tissues, such as the xylem mentioned above. Therefore, 
it is preferred that the living plant material excludes so-called "structural" material, 
which provides the woody plant with the majority of its structural framework for 
supporting itself. 
l'he living plant material excludes wood taken from the core of the trunk or branches 
of a woody plant. 
In its most common meaning, "wood" is the secondary xylem of a woody plant, which 
is a heterogeneous, hygroscopic, cellular and anisotropic material. Wood is gereally 
composed of fibers of cellulose (40%--50%) and hemicellulose (15%--25%) held 
together by lignin (15%-30%). Preferred examples of woody plants are trees. 
As far as woody plants are concerned, particularly preferred plant materials or parts 
are hark and foliage. 
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For woody and non-woody plants, foliage primarily consists of the leaves of the plant. 
hurt may also include the leaf stems. 
Non-woody plants are often called herbaceous plants and have leaves and stems that 
die at the end of the growing season to the soil level. A herbaceous plant may be 
annual, biennial or perennial. I lerbaceous perennial plants have stems that die at the 
end of the growing season. New growth forms from the roots or from underground 
stems or from crov n tissue at the surfäce of' the ground. lIxamples include nettles, 
bulbs, Peonies. I losta and grasses. By contrast, non-herbaceous perennial plants are 
woody plants which have stems above ground that remain alive during winter and 
grow shoots the next year From the above ground parts, including trees, shrubs and 
vines. 
Thus, in one embodiment, the plant is preferably woody plant, for instance a non- 
herbaceous perennial. In this instance, the material is not wood and is most preferably 
bark or foliage. 
In an alternative embodiment, the plant is preferably a non-woody plant, i. e. a 
herbaceous plant. In this instance, the material is most preferably foliage or stems 
It is also preferred that the plant material is from a herbaceous plant or a crop, such as 
rape and most preferably a Chenopodiaceae, such as a beet, particularly sugar beet, 
Bela vulgaris subsp. marilimci (Sea Beet), Betu vulgaris subsp. vu/gm-is or Bela 
vu/guris subsp. cicla (Swiss Chard, Silverbeet, Perpetual Spinach or Mangold), 
spinach, beetroot or garden beet. Other beets, are also preferred, of course. 
Also preferred are nettles, cabbage, garlic, bracken (especially the leaves), horsetail 
and crops such as rye and rape. Preferably, the plant is a dicotyledon. 
In other embodiments, the living plant material may be referred to as "young growth". 
In relation to woody plants, in particular, such growth can be considered to be less 
than one year old. 
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As referred to above, particularly preferred examples or non-woody plants are the 
foliage and stems. Particularly preferred examples for woody plants are bark and 
foliage. In both cases, the foliage is particularly preferred. An advantage of' the 
present invention is that such foliage is often discarded during more industrial 
processes such as preparation of timber or farming of crops such as sugar beets, fier 
instance. Indeed, sources of such foliage are readily available in huge quantities, but 
are usually considered as mere waste. Indeed, other examples such as nettles are 
considered to he weeds, in the sense that they are "enerally unwanted but available in 
Inany environments in large quantities, especially oll waste land, Miere the agent may 
ultimately be used. The same follows for seaweeds, which are also widely available 
and generally unwanted. 
Therefore, large quantities of such plant material is available and is often wasted. As 
environmental concerns are increasingly important, it is an advantage of the present 
invention to utilise such waste, particularly in a method of remediation, which further 
improves the environment. 
The terms charred material and charcoal are used interchangeably herein 
We have also surprisingly shown, in both woody and non-woody plants, that the 
ash/mineral content of the charcoal is related to the ability of said charcoal to adsorb 
cations. Thus, the ash content of the present charcoals correlates to the ability of said 
charcoals to absorb pollutant metal ions, such as copper. It will be appreciated that 
the ash content and the mineral content of the charred material is linked. 
Suitable ranges for the mineral contents of the present charcoals are provide below 
based on the proportion of ash (by weight) compared to the weight of the charcoal 
prior to extended heating (for instance 550 degrees C for 12 hours). The charcoal 
may be prepared by charring at 450 degrees C. 
Preferably. the ash content is at least 15% (w/w : ash/charcoal), more preferably at 
least 15%, more preferably at least 16%, more preferably at least 17%, more 
preferably at least 17%, more preferably at least 18%, more preferably at least 19%, 
more preferably at least 20%, more preferably at least 22%, more preferably at least 
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25%, more preferably at least 30%, more preferably at least 35%, more preferably at 
least 40%, more preferably at least 45% and most preferably at least 50% or even 
55%. Nettles and beets, being particularly preferred, have ash contents of between 40 
and 50%. 
Preferably, the plant material is capable of adsorbing high amounts of cations. A 
suitable reference cation is Copper. Thus, it is preferred that the material has the 
ability of to adsorb Copper at at least 2 times the mineral content of the material, as 
calculated above for instance. More preferably. this is at 2.5 times. more pref'erabIN. 
this is at 3.0 times, and most preferably at least 3.5 times the mineral content. 
Suitable conditions are described in Examples II and 18, for instance. 
Furthermore, the present inventors have also found that the present charcoals are 
capable of raising the pH of a solution. In particularly preferred embodiments, the 
charred material when mixed with distilled, double distilled, deionised, demineraliscd 
or RO (Reverse Osmosis) water, in appropriate quantities, for example 0.5 g per 100 
mL, the pl-I of the suspension is buffered to a pH of at least 10.0, more preferably to at 
least 10. more preferably at least to 10.2, more preferably to at least 10.3, more 
preferably to at least 10.35, more preferably to at least 10.4, more preferably to at 
least 10.45, more preferably to at least 10.5, more preferably to at least 10.55 and 
most preferably to at least 10.6 or above. 
Suitable conditions for the pH buffering effect are described in the Examples. The p1I 
may be measured based on, for instance, 0.5 g of finely grounded charcoal suspended 
in 100 mL demineralised water, the charcoal being kept in suspension and the pi I 
measured after equilibrium has been reached. 
In some embodiments, it is preferred that the charcoal is processed, for instance into a 
particulate or particulated form. 
In sonne embodiments, it is also preferred that the charcoal is activated, for instance 
by application of steam, carbon dioxide or acid, preferably at high temperature, a 
process that is well known in the art. However, it will he appreciated that activation is 
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not always necessary and in some cases (when treated with acid Im example) might 
even remove the ability to adsorb metal ions. 
It will be appreciated that an ion exchange agent is an agent that is capable of' or 
suitable for use in a method remediating selected environments that contain levels of 
cations, particularly metal ions, that is desired to be removed from said environment. 
This is particularly preferred where cations are toxic or harmful, especially 
ammonium. in bedding or clothing, or heavy metal ions in soil or solutions, by way of' 
example. 
The selected environment may be a brown-field site, such as the site of an old t'actory, 
mine or gasworks, for instance, where high levels of certain cations are often present 
in the soil, fier instance. Thus, one particularly preferred embodiment is an ion 
exchange agent suitable for administration to soil. The agent may he mixed with the 
soil and either removed or, more preferably, retained in the soil. Indeed, it is one of' 
the advantages of the present invention that the charred material may be left in the 
environment, as the cations will be retained and hound within the charcoal and, 
therefore, their pollutant capacity is significantly reduced. 
Suitable cations include organic cations, such as ammonium (NI I4), as well as heavy 
metal cations such as copper, zinc, lead, mercury, nickel and or cadmium as well as 
radionuclides such as uranium, strontium, and plutonium for example. 
The environment or area for treatment may be solid, liquid or gas, but is preferably 
soil or an aqueous waste, such as waste water or sewage, for instance. 
Indeed, the present application has a number of applications that relate not only to the 
removal of metal ions, but also other organic cations, such as ammonium, as 
mentioned above. Particularly preferred applications of the present invention include 
absorption of cationic dyes, for instance from waste streams; raising the pi I of' an 
environment, such as soil, to thereby precipitate the heavy metal ions; and uptake of 
ammonium from sewage and manure, for instance ammonium or manure produced by 
farm animals such as poultry, pigs and cattle. In the case of' ammonium or manure 
produced by farm animals, charred material may be incorporated into animal bedding, 
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either fresh animal bedding or mixed in with existing bedding, thereby serving as a 
means to remove ammonium from the animal bedding and, therefore, reduce burning 
by this caustic substance. It is also envisaged that this may also be applied to 
clothing. 
Thus. the present invention also provides a method of removing a cationic dye from a 
solution. such as a waste stream, comprising contacting the present agent with said 
solution. Preferahlv . the agent 
is provided in the lorm of a filter or bed across which 
the solution Ilovvs. 
The invention also provides a filter, preferably for a liquid or gas. comprising the 
agent. In a particularly preferred embodiment, the agent may be used in a water filter. 
preferably comprising polyurethane foam into which the agent is incorporated. In 
another preferred embodiment, the agent may be used in an air filter, For removing 
gaseous or gas-borne cations. These include mercury, which is often found in 
crematoria (derived from human fillings in human teeth). Heavy industry, such as 
smelting and incinerators, also tends to require air filters to remove metal ions fron 
the air. 
The agent may also be used in an apparatus for controlling the mineral content of a 
solution, preferably water and particularly for producing drinking or "mineral water. " 
Also provided is animal bedding comprising the agent, which preferably may be 
admixed with straw or wood shavings, for instance. 
The invention is also useful in composting as an enhancer or accelerator therefore. 
Means for altering levels of the cations in an environment are envisaged, comprising 
the present agent. These may include cosmetic products, such as face masks. 
The agent is also useful as a means of retaining elements in the soil, which would 
otherwise he lost by leaching. Thus, also provided is soil mixed with the agent, which 
may be applied to a susceptible area. The mixture may be provided with additional 
ions of which the plants in the area to be treated may be in need, such as sources oi' 
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Nitrogen, Iier example ammonium. Without further treatment, the charcoals of' this 
invention are capable of supplying plants with important plant nutrients, which may, 
preferahly. include potassium, calcium and magnesium. Indeed, the present invention 
provides a fertiliser comprising the present agent. 
In a further aspect, the invention provides a plant growth medium comprising the 
present agent. Preferably, the medium further comprises fertilisers and/or seeds or 
I lasts tr ý-, FOb\ 111-, in said em ironflient. 
Preferably, the plant material is fron list (growing plants or algae (such as macro 
algae), including seaweeds. Particularly preferred species of macro algae are bladder 
wrack (Fucies spp), oarweeds / kelp (Laminariu spp), thongweed (flinch ihaliu spp) 
and sea lettuce (Uhva spp) 
The charring process is well known to those skilled in the art. Essentially, it involves 
heating to temperatures considerably above boiling (for instance between 400°C and 
700°C), under oxygen starved conditions. Temperatures much above this level can 
cause unwanted degradation even in the absence of oxygen. The temperature will 
normally be selected according to the substance to be charred and the extent to which 
it is desired to drive off unwanted organic substances. The process does not normally 
need to be air-tight, as the heated material generally gives off' gas, but circulation of 
atmospheric air should be avoided as much as possible. 
When a small quantity of charcoal (say I g) is mixed with a large volume of water 
(say I litre) the pH of the resulting suspension will rise dramatically, often well above 
pH 10 as a result of the removal of positively charged hydrogen ions from the water. 
Alternatively, if a small amount of the charcoal (say I g) of this invention is mixed 
into a litre of acidic solution with a p}l of 2 or 3, the charcoal will quickly neutralise 
the solution to a pH of 7 or 8. This is a particularly useful aspect of this invention Im- 
the removal of toxic metals from the environment because the charcoals not only will 
adsorb dissolved metal ions but will also cause their precipitation in the form of metal 
salts (often on the charcoal surface itself where the pHI is highest). In this respect, 
charcoals of this invention can be used to replace `liming' of agricultural soils to 
remove acidity. 
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The invention also provides an agent used for composting of organic waste, such as 
garden waste, manure or sewage. During composting a variety of cations are released 
including ammonium ions. Such cations are normally highly mobile and are easily 
lost from the system. By mixing the agent into the waste before the composting starts 
a compost can be created that retains more nutrients while any toxic metals that are 
present in the material are stably bound onto the charcoal, making them non-toxic. 
('omposting) is just given here as an example and it should he appreciated that mixing 
charcoal of' this invention to any degradable organic source could he benel icial. For 
example, mixing the charcoal of this invention with poultry litter will result in the 
binding of ammonium that is generated when the urea that is present in the faeces is 
degraded will hind onto the charcoal, making the material less irritating. 
Substances used to produce the charcoal of the invention are normally chosen from 
fast growing plant shoots and leaves or macro-algae. Suitable materials are, preferably, 
young wood, bark as well as leaves. Many woody and non-woody plants and macro 
algae are suitable, and are discussed below, but those that are high yielding, and are 
easy to grow are most preferred. Stinging nettle, dead nettle, beet (sugar beet, sea 
beet and chard for example), crucifera (cabage, oilseed rape) and spinach are 
examples. When woody plants are used it are the young branches and leaves of rapid 
growing trees such as eucalyptus, poplar, and willow that are most suitable. 
In an alternative aspect, the present invention provides a charcoal prepared from plant 
leaves and stems. The plant parts used arc preferably harvested when still green as it 
is believed that maturation into straw or leaf litter will reduce the metal adsorbing 
capacity of the charcoal produced from these materials, in some cases significantly. 
The present invention further provides the use of charcoal as described herein in 
removing or binding cationic species in an area. The cationic species is preferably 
one or more metal species whose concentration it is desired to reduce, such as copper. 
zinc, lead, mercury, nickel and/or cadmium. The area may be solid, liquid or gas, but 
preferably is soil or an aqueous waste. 
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Charcoal of the invention, when prepared from non-woody materials, will often be 
friable or in powder form. Accordingly, treatment of the area may be by trapping the 
charcoal in a vehicle and passing a liquid over or through the vehicle, thereby to 
contact the trapped charcoal and permit removal of some or all of the contaminating 
cations. To allow more easy passage through the charcoal thus entrapped, the 
charcoal can he mixed with coarser materials including wood charcoal, or coarse sand 
or ýýravel. The Iiquid may be the form of the area to be treated, or a slurry with, for 
example. water may he formed. The charcoal may be used without a vehicle where it 
is acceptable to leave spent or partially spent charcoal as a component of the area to 
be treated. 11', I vehicle is used, it is advantageously selected so as to permit removal 
from the area and/or to support other treatment means, such as an arsenate chelator or 
microbes. 
Suitable vehicles may be any porous matrix able to retain the charcoal. In this respect, 
thermoplastic materials, or natural polymers, such as cellulose, can be annealed to 
adhere charcoal powder for example, or the charcoal may be mixed with a foam that 
sets, retaining the charcoal. 
Where the area is soil, the charcoal may be used on its own, in a vehicle, as described, 
and/or together with other treatments. 
The invention further provides a method for treating an area comprising contacting 
the area with the agent as described, and subsequently removing the charcoal if 
desired. Removal, especially when incorporated into polluted soil and slurries, is 
often not necessary, as the presence of the charcoal can help to stabilise the material, 
and we have shown that, for example, acidic soils can be at least partially neutralised 
by the effect of the charcoals of the invention. 
Thus, in a further aspect, there is provided the use of a charcoal as described to raise 
the apparent plI of acidic soil toward pt1 7 or higher by contacting the soil with the 
charcoal in an amount and for a period sufficient to elevate the pI I of the soil. 
Charcoals derived from stinging nettle, dead nettle, beets, bladder-wrack, and a range 
of other similar materials are particularly preferred. 
Charcoals made From stinging nettle (Urticu (liaica) and white dead nettle (Lamiuin 
album) and beets; Im example, outperform synthetic zeolites by a täctor of' 3.77 and 
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natural ieolites hý a factor of 32 in terms of Cu' adsorption. For Cd ions, charcoals 
derivcd frone stinging, nettle adsorbed 1.78 mmol Cd/g charcoal, which is 4x greater 
than the adsorption of (. 'd onto sy nthetic zeolites and 43x greater than adsorption Cd 
unto natural ieolites. Thus, charcoals derived from stinging nettle and dead nettle 
\\ ere found to adsorb I8-20°(') of their weight in Cd and Cu and up to 30% of their 
cW, ht iii II, -,. 
For /n this percentage was 1'21%, equivalent to 1.95 mmol Zn/g 
charcoal. '. v hich is 2.5 x better than adsorption onto synthetic zeolites and 35x better 
than : ºikorl, tion onto natural ieolites. 
I yaniplc ot'othcr materials useful in the present invention include: charred brassicae 
(plant species of' the cabbage family). charred oilseed rape, charred wheat straw, 
charred bracken. charred horsetail. and charred seaweed [für example: bladderwrack 
(/"uru.. i"c., uiifosrrs)1. each beim.; capable of' adsorbing >I mmol Cu/g charcoal and. 
theret'orc. superior in their adsorbing potential than even the best performing synthetic 
icoflites. 
'articularly preferred are beets and family members thereof, with sugar beet being 
harticularI\ pret rred 
13ccause the charcoal of the present invention raises the plI of' the environment 
considerahly. adsorption vv ill occur from an acidic environment once the pH of that 
eng ironnment has been neutralised to a pH of4.5 or more. This buffering effect on pH 
has the advantage that no toxicity occurs by desorption of adsorbed metals in 
situations where the polluted environment may be subjected to an input of acidic 
materials such as acid rain. In fact, when applied to an already acidic environment, 
the charcoals of' the invention can remove metals effectively from solutions that have 
a pi I as lovv as 3 by raising the pit toward neutrality, as is shown in the accompanying 
I : xamples. In contrast, zeolites do nothing to ameliorate low p{-I areas. 
l'he adsorbent properties of' the charcoal derived from plant materials can he 
dramatically improved by the careful selection of the growth conditions of the plants. 
For example, stinging nettles growing under oligotrophic conditions on a chalk rich 
hill side produced charcoal with a maximum adsorbence of 60.000 ppm Cu (0.94 
mmol 'g) bile charcoal derived from stinging nettles that grew on a nutrient rich 
manure heap adsorbed 200,000 ppm Cu (;. 1 i mmol/g - ej. accompanying Examples). 
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I hus. instead Of altering the adsorbent properties of charcoal using activation 
prrOccdIºu-c; that can he time-consuming and expensive, it is now possible to select the 
ýýnýhrrtirý of the charcoal b gro v Ing plants under conditions selected to optimise the 
ackot bciit properties of the charcoal produced there from. 
\ ithin plant "prrirs suitable for use in the present invention, preferred plants are 
tho 'e vv ith dirk green lioliage. Roth the plant species and the colour of the leaves, as a 
reflection oI the IllltrltiOnal circumstances of the plant. are important. Thus, this 
pl1L'lln\pic sLKeiloll \\ III Ia\our, to some extent. plants capable of extracting high 
IC\eIs of min raI nutrients from dills and "hich are therefore Capable OI list growth. 
After seIcetion of a suitable plant species. darker green plant material typically gives 
rise to hi,, hlv adsorbent charcoals. vchile charcoal produced from small plants with 
CIlumish flial-lc irr generally less adsorbent. Thus, selection of plants by phenotype 
is a usellul '-'aide to vvhich plants yield the most advantageous charcoal of the 
inscutam. In addition. it is typically the green part of the plant that has the best 
properties, especially leaves and young stems. "l'his is a particular advantage, as the 
vvoodh portions of the plant may then be used for other purposes or other types of 
charcoal. leaking, the leafier parts. 'ohich might otherwise have gone to scrap, to he 
used in accordance vv ith the present invention. 
The charcoals of' the present invention are microbially inert (non-degradable) and 
once metals are bound onto the charcoal the binding is stable, making application to 
soil a lono term option. Charcoal ofthe present invention added to soil can he used to 
pcrmanently break metal - receptor linkages, resulting in metal contaminated soil 
becoming non-toxic alter charcoal application. 
Nettles are a common weed and the cultivation of nettles has already been practised, 
such as t'Or the production of fibres to produce nettle cloth. For farmers already 
oro in,, nettles, the present invention is useful, as the waste material, which is mainly 
leaves. is typically the best for manufacturing the charcoal of the invention. Without 
being restricted by theory, two or three crops/year are generally possible, and a yield 
of ,2 tonnes of nettle charcoal per hectare may be obtained. 
More advantageous hoNNever is the use of agricultural waste materials or by-products 
that have currentlv no or little economical value. such as sugar beet tops and oilseed 
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rape stravv. 1. -specially sugar beet tops when charred produce a charcoal that is highly 
adIýoncCnt and the tops are easv to collect. 
In e\periments to establish vvhether soil contaminated with heavy metals could he 
rrmedliated, charcOal derived from stinging nettle was used to treat mine tailings 1ý4 Z4 
containinWg more than 1000 ppm Cu. and more than 800 ppm Cd. Alter application of 
charcoal (e luivalent to 0.4"0 charcoal by weight) an almost complete 
inºniohiIkation of' hip a aiTable metals as found, which resulted in a restoration of 
pI, ºnt ýruýýth and microbial activitv. IIi, 0hcr application rates gave general l\ better 
and Ioin. cr lasting result, (r. J, accompany ing IL. zamples). 
( harcoals d erik cd trom herbaceous plants and seaweed are, in general, less robust 
than charcoals deriked from vvoodv materials. Thus, these charcoals can readily be 
nraLIe into a slºnrrv that can be directl\ applied into contaminated soil, such as by, 
injection. It vvdI be appreciated that. in case ofsevere compaction, the soil should be 
first adv anta'-'eouslý loosened to create space for the charcoal suspension. In this way 
the charcoal can disperse via cracks and fissures in the soil. Since metals normally 
'. ould disperse through soil in the aqueous solution, such an application would 
etlcctivck remove these mobile metal ions. 
Fo avoid the possihilitv of fine particles clogging together in effluent streams, thus 
impeding Neater IloNv. charcoals of the present invention may conveniently be 
embedded in a porous material, so as to allow contact of dissolved metals with the 
charcoal. Such a porous material is ideally strong and/or hydrophilic, preferably both. 
Suitable materials include polyurethane trams and natural polymers, such as cellulose, 
that can he made into sponge-like materials. These materials may be made to selected 
specifications to increase strength, hydrophilic properties and porosity. It will he 
appreciated that poly urethane and cellulose are simply two examples of useful carriers 
fier charcoal particles, and that other porous polymers are possible. 
I. 1, inu granules made of polymer. or other binding materials, such as cement, that hold 
the charcoal allots application to systems where free flow is essential. Furthermore, 
formulation of' the charcoal into a granule made of' polymer allows for the carbon to 
he combined "ith other treatment systems that complement the ability of charcoal to 
adsorb cationic metal species. 
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I he c11,11-coals of the ! resent invention bind cations well. "! heir ability to hind anions, 
such : I, arsenite I AsOII)l and Arsenate IAs(V)], is not as good, and the charcoals of' 
the present invention also tend to increase the pi I of the soil, so that arsenic is 
rendered more soluble. Co-application of iron-oxide, such as in granules or separately, 
hinds free arsenic anions. In a preferred. granular formulation, metal adsorbent 
charcoals of the ! resent inv ention are combined with charcoals or other substances 
suitable to hind organic pollutants. 
(, Imr: oals (, I' the present invention may be provided as granules that contain a gas 
, Illdl Or Iron beads. (iralillles conlta111111gg gas allo removal of toxic metals naa t\\'0 
process ,ý stem. I' irst the granules are mixed 'filth the contaminated soil to allow 
metal ad1sorhence onto the charcoal. Subsequently, the soil is flooded and turned, 
allomng the ý-'as-filled granules to float to the surface. where they can be removed. 
I'sing iron heals instead of' gas allows the formulation of granules that can he 
renlovcd using a magnet. In this case the soil does not need to be flooded alter 
adsorption has taken place. provided that the soil is presented in a suitable planner, 
such as a thin stream, so that a strong (electro) magnet can extract the granules by 
attracting the iron. 
It vý iII he apparent that the use of' iron. or other ferromagnetic material, or gas, or 
other Ilotation aid, is not limited to applications for soil, and may be used to remove 
metals from any source. such as sewage sludge, sediments, harbour slurries and 
contaminated water. Removal of metals from a system is especially useful if an 
immobilised metal still poses a toxicological risk. One preferred example is 
radionuclidcs that remain radioactive when bound to charcoal or any other material. 
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10.1.1 C 7.. -t iais: 
I. All ion cychanue agent conmprising charred material produced from living plant 
ºImtericºI. 
?. An , º-ent according to claim I, wherein the material is bark, stem and/or foliage. 
An went according to claim I or 2. wherein the material is not wood or secondary 
\ý ICI11 material. 
4. An aucnt according to any preceding, claim, wherein the living material is 
nnctahodicallv activc at the time of h. arvcstino . 
ý. An agent according to any preceding claim. vvherein the material is nettle, beet, a 
niacko algae or sea\\ccd. 
6. An agent according to claim 5. Naherein the plant is a macro algae or seaweed, 
selected from: bladder Frack (Fuchs spp), oarweeds / kelp (Lelminuri(I spp), 
thom-, vveed1 (1Ii, iwiiluliaa slip) and/or sea lettuce (Uhu spp) 
7. An agent according to any of claims claim I-5, wherein the plant material is from 
an herhaccous plant or a Crop. 
R. An agent according to claim 7, vv, herein the plant material is rape or a 
('henopodiaceae or beet selected sugar beet, ße/ti vulgcrris suhsp. mai ilimu (Sea 
I3eet), Bela villi w-i. s subsp. vulgcn-1. c or Bela vulgcaris subsp. cicla (Swiss Chard, 
Silo erbeet, Perpetual Spinach or Mangold), spinach, beetroot or garden beet. 
9. An agent according to inv of'clainms claim 1-5, wherein the plant material is from 
nettle. cahhage. garlic, bracken. horsetail and crops such as rye and rape. 
10. An agent according to any preceding claim, wherein the ash content is at least 
5% (ww/w : ash/charcoal 
I. An agent according to any preceding claim, wherein the charred material is 
capable of'raisinz the pli of deionised water to a pH of at least 10. 
12. An agent according to any preceding claim, wherein the charred material adsorbs 
cations from a sleeted environment. 
An a-cm according to claim 12, wherein the cations are selected from: 
ammonium copper, zinc, lead, mercury, nickel, cadmium, mercury and/or 
radionucl ides. 
14. An agent according to claim 12 or 13, wherein the environment or area for 
treatment is soil or an aqueous waste, such as waste water or sewage. 
I ý. Animal bedding or clothing comprising an agent according to any preceding 
clýlIM. 
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It,. 
.A mcthod I, M. rcmo ing a cationic dye from a solution, such as a waste stream, 
colupri'inýL Contacting the anent. according to an} of claims I -I 4, with said solution. 
17.. E tiltcr rý, mhrisinýý an agent according to according to any of claims 1-14 
C Iuposting, enhancer or accelerator comprising an agent according to any of 
cIallllti I-14. 
I`t.: A L mnnctic product comprising an agent according to any of claims 1-14. 
2U. 
.1 slant ý'r(mth medium comprising an agent according to any oCclaims 114. 
II lie u, r of, all , i_cent arrording to anv ofclainms 1- 14 in the removal or binding UI 
cationic "pedes in an area. 
2I. Isc according, to claim 2I- Nv herein the cationic species is one or more metal 
spec iC.. 
ý,. l ý, c aceordinq-, to rlain1 2I or ». eherein the area is soil or an aqueous waste. 
I,. [Sc accordin-g to any of' clainms )I to 22. eherein treatment of the area is effected 
hv trapping" the agent in a vehicle and passing a liquid over or through the vehicle, 
thcrchý to contact the trapped charcoal and permit removal of some or all of the 
contaminating cations. 
24. A method tier treating an area. comprising contacting the area with an agent 
accordingo to any of claims I to 14, and subsequently removing the charcoal if desired. 
Ise of an agent according, to any of claims I to 14 to raise the apparent pi I of 
acidic soil toward pi 17 by contacting the soil with the charcoal in an amount and f'or a 
period sufficient to elevate the pH of the soil. 
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/1.1 PATENT- BIOREMEDIA TION MATERIALS 
INVENTORS: TONY I1L'TCHINGS; FRANS DE LEIJ; JEREMY WINGATE 
t\ticrohiallk colonised charred biological material. such as charcoal, wherein the 
COloni"in, -, microbes are capable of metabolising at least one selected environmental 
, uh. tancc. such as a pollutant. and wherein a selective amount of'the substance is 
prescnt in the Charred material provide protected colonies oIenvironmentally active 
microbes u, ei'ul in hiorcmediation. 
I1.1.1 Ci.. ai. ºis 
\ticrohialIN colonised charred biological material. wherein the colonising 
microbes are capable of metabolising at least one selected environmental substance 
and vv herein a selective amount of the substance is present in the charred material. 
ý. r\latcrial according to claim I, which is charcoal. 
1). Material accordim, to claim I or ?, wherein the selected substance is a 
Pollutant. 
4. Material according to claim I. comprising at least IO' culturable microbes per 
ýLram oI'charcoal. 
ý. Material according to any preceding claim, wherein the microbes form a bio- 
Jilin. 
6. Material according to any preceding claim, wherein the microbes are bacteria 
and/or fungi. 
7. Material according to any preceding claim. wherein the colonising microbes 
cflml)risc multiple strains. 
S. Material according to any preceding claim, comprising a community of 
microbial strains from a naturally occurring environment. 
9. Material according to claim 8, wherein the naturally occurring environment is 
soil. standing water. gruuindwater. partially degraded organic matter, sewage 
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treatnneint plants. industrial effluents. industrial waste, sea water, soil, litter and/or 
ýi, tc streams. 
IU. Material according to claim 8 or 9. N\ herein the microbial community is 
()htaincil after incuhatiný, a preparation of the source material with an amount of the 
"elected suhstatice sutti iýnt to prelerentialk select for tolerant microbes. 
. 
Alaterial according to any preceding claim, wherein the selected 
env in, ni>>ental "ub"t: ance i; selected from: hvdrocarhons, preferably benzene, toluene. 
ethv Ihcnicnc. yý Icne;. trichlorocthviene. phenols. and chlorinated phenols; cyanides: 
nitrates: and ammonia. 
Material iccor(Iin; e to anv preceding, claim, which is wood charcoal. 
I 
:. 
Material according to aiiý preceding claim, having an average tube diameter of 
fun 
14. Material for use in accordance with any preceding claim and which has been 
pre-treated Ný ith: 
il at least one salt, such as one or more of h, lIPO4, KILPO4, (NI 14004 and NaCl; 
Midor 
ii) at ]rast one mineral nutrient, such as one or more of: FeSO4, ZnSO4, MnCI-, CoCI2, 
CuCk Ni('I,. NaMoO4, l l,, 1104, aM salt, and a Ca salt; and/or 
iii) at least one (nutrient. such as one or more of: biotin, folic acid, thiamin IHCI, D- 
calciunl pantothenate, vitamin Bi,, riboflavin, niacin, pyridoxal HCI, and para-amino 
henioic acid: and/or a carbon and/or nitroizen source. 
I ý. Material according to claim 14, and further comprising a selective level of the 
selected environmental substance. 
(,. Material according to any of claims I to 13. prepared in accordance with claim 
14 or 15 prior to microbial colonisation. 
7. A method I'm treating a site or environment in which the selected 
enN ironmcntal substance is present. comprising introducing material according to any 
ol'claims I to 13 or 16 to the site or environment in a manner such that the colonising 
microbes are able to metabolise the pollutant. 
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I ti. nºetb()(l ýºccurdin1: 7' to claim 
17. comprising subsequent addition of: a) 
further nutrients. and or b) further colonised material and/or c) further uncolonised 
material and or dl material as defined in claim 14. 
I1). :A method ar"wdin-i to claim 15 or IN wherein the material is removed and 
t1urther hrOce,, sed h\ : 
i) heav v n1et; ºI rhelatiun: and/or 
ii) eIe ating the temperature of the material tu encourage microbial growth: and/or 
iii) lho iti \\ ith Illinerak and ur nutrients. 
ýU. A nirthud accoýrdimc to any of claims 15 to 17, for the treatment of; 
Coll taill iitated sOils both iii itu and ex -x-itti, ýyater. sewage, sewage sludge, oil waste, 
oil shills, petroleum spills. landfill, landfill leachate. biodegradable waste, industrial 
dischanue. and 'Or airborne contaminants. 
21. An air 6 lter comprising, a material according to any of clainms I to 16. 
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